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Abstract 
        Utilization of agricultural waste to produce valuable products has opened 
opportunities in Egypt to minimize serious public health risks from exposure to 
dangerous fumes that come from burning the agricultural wastes in open fields. In 
this study, activated carbon produced locally from cotton stalks was examined for 
the removal of target heavy metal contaminants from water and wastewater. 
Adsorption studies conducted in completely mixed batch reactors showed the 
ability of the produced activated carbon to remove heavy metals, namely lead, 
cadmium and copper, from aqueous solutions in a pH range below that of 
precipitation and with high uptake capacity after an equilibrium reaction time of 
72 hours. The surface titration experiment indicated a negative surface charge of 
the produced activated carbon in solution at pH as low as 6, meaning that 
electrostatic attraction of the divalent heavy metals can occur below the pH 
required for precipitation. Continuous flow columns studies showed a good 
affinity of the produced carbon for the target heavy metals compared to other 
commercial adsorbents, revealed by the number of bed volumes treated until 
breakthrough. The highest adsorption capacity was for lead, followed by copper 
and then cadmium. Multicomponent metal adsorption experiments indicated a 
competition for the available surface sites. Adsorption capacities in the mixture 
were reduced from their single-solute values for all metals.  
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Chapter One 
Introduction and Objectives 
1.1 Introduction: 
          Heavy metals are any element in the d-block of the periodic table, or transition 
metals; they also have been named with toxic metals. These elements are a cause of 
environmental pollution from a number of sources, including lead in petrol, industrial 
effluents, and leaching of metal ions from the soil into lakes and rivers by acid rain. 
Moreover, they arise from the purification of metals, for instance smelting of ores, 
preparation of nuclear fuels, and electroplating (Lef, 1998). They precipitate into soil, 
underground water, and surface water. Unlike organic contaminants, heavy metals do not 
normally undergo biological decay and are thus considered a challenge for remediation. 
Although a few heavy metals, such as zinc, are required by humans, excessive levels can 
be detrimental. On the other hand, heavy metals, such as lead, copper, and cadmium, are 
toxic metals that have no known vital or beneficial effect on human beings, and their 
accumulation over time in the bodies of humans can cause severe illness such as damage 
to the kidney, liver, and reproductive system, and causes cancer (Lentech, 1998). Heavy 
metals could reach human bodies through ingestion, inhalation, and dermal absorption. 
Consequently, the minimization of human heavy metals exposure is becoming more and 
more important. Many governments have started to commit laws to hinder discharging 
heavy metals into water bodies and using toxic substances such as lead, and change the 
water supply lines by using other materials like unplasticized polyvinyl chloride (UPVC) 
(Abdelshafi, 2007). However, heavy metals still find their way to water supplies. 
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Accordingly, many studies have been done for removal of heavy metals. Ion exchange, 
reverse osmosis, and chemical precipitation have been investigated for the removal 
process, but they are too expensive or incapable of meeting treatment objectives. 
Adsorption has been proved to be a potentially feasible alternative. Adsorption by using 
activated carbon is the most common method, but this too may be expensive, particularly 
if proper raw materials are not available and therefore the carbon has to be imported. 
         Thus, locally generated agricultural wastes such as cotton stalk, rice straw, sugar 
cane bagasse, and others have been tested in the production of activated carbon in 
developing countries (Logan, 2002). The use of these raw materials in carbon production 
shows from the past studies that they are available at low cost, contain high carbon 
content, and may be effective in the removal of heavy metals. 
 
1.2 Problem Statement: 
         The Egyptian Environmental Affairs Agency (EEAA) has stated in its most recent 
annual report that there were 91 industrial plants in Egypt discharging wastewater into 
surface water bodies (EEAA report, 2007). This has been considered a significant issue to 
be solved by hindering these industries discharging their wastewaters into the Nile River, 
forcing them to pretreat their wastewater before discharging, and finding new 
inexpensive techniques for treatment. 
         El Haggar (2001) has reported that there are almost 25 million tons/year of 
agricultural wastes produced in Egypt. Most of these wastes are being burned in open 
areas to get rid of them causing the severe air pollution problem in Egypt known as the 
black cloud. In addition to causing the black cloud problem in Egypt, burning tons of the 
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agricultural wastes in the open sites is resulting in releasing significant amounts of toxic 
and green house gases. 
        Consequently, producing activated carbon from agricultural waste has dual 
advantages. The first advantage is producing a potentially low cost adsorbent for 
treatment of toxic substances such as heavy metals. The second advantage is minimizing 
the hazardous emissions produced from the burning of agricultural wastes.  
 
1.3 Objectives: 
          The objectives of this thesis were the following: 
1. To investigate the feasibility of a specific application, namely the purification of 
wastewater from heavy metals using an activated carbon produced locally from 
cotton stalks, and 
2. To determine the adsorption thermodynamics and kinetics of the designated activated 
carbon for removal of target heavy metals (lead, cadmium, and copper) in water in 
both single and multi component solutions. Achievement of the objectives was 
accomplished by laboratory experiments using both completely mixed batch reactors 
and continuous flow columns. 
The remainder of the thesis is as follows: 
1. Chapter Two explains how the activated carbon was produced, the previous work of 
other researchers, the adsorption process, and the important factors affecting the 
adsorption of heavy metals. 
2. Chapter Three presents the methods used to investigate the adsorption of lead, 
cadmium, and copper by the produced activated carbon. It also explains the materials  
       used and the details of the experiments conducted. 
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3. Chapter Four states the data and analysis of the study. 
4. Chapter Five summarizes the results and includes recommendations for further 
studies. 
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Chapter Two  
Literature Review 
2.1 Heavy Metals - Definition and Health Effects 
        Heavy metals are elements of high density, and they are toxic at even low 
concentrations.  They can also be defined as the elements in the d-block in the periodic 
table such as cadmium (Cd), Lead (Pb), copper (Cu), and mercury (Hg).  Heavy metals 
are natural components of the Earth’s crust. Some heavy metals are vital to maintain the 
metabolism in our bodies at certain concentrations such as zinc. However, the excess of 
these heavy metals can lead to poisoning via drinking water contamination, high ambient 
air concentrations, or eating contaminated food. It’s well known also that the specific 
gravity of heavy metal elements is more than five times the specific gravity of water 
where the specific gravity of water is 1 at temperature 4oC. For instance, the specific 
gravity of some toxic heavy metals is: lead, 11.34; cadmium, 8.65; copper, 8.93; and 
mercury, 13.546 (Lef, 1998).  
        Heavy metals are very dangerous and carcinogenic due to the fact that they can 
bioaccumulate in our bodies resulting in increasing the concentration of chemicals in the 
biological organism compared to the chemical’s concentration in the environment 
(Lentech,1998). 
          There are 35 metal elements that may be considered harmful because of their 
residential exposure. Twenty five elements of those metals are considered as heavy 
metals such as arsenic, cadmium, copper, gold, iron, lead, and zinc. The excess amount of 
these elements results in reducing the mental and nervous functions, damaging the blood 
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composition, lungs, kidneys, liver, and other essential organs.  Furthermore, long term 
exposure to heavy metals may induce Alzheimer’s disease, Parkinson’s disease, muscular 
dystrophy, and multiple sclerosis.  It is also known that heavy metals cause cancer.  The 
recognition of these diseases is due to the fact that the symptoms are usually severe, rapid 
in onset, and associated with cramping, nausea, vomiting, pain, sweating, headaches, and 
difficulty breathing. There are some other symptoms resulting from the exposure to 
excess amount of heavy metals such as emotional instability, and insomnia (Lef, 1998). 
         Heavy metals can reach surface water either through industrial and consumer 
wastewater discharged into water bodies or from acidic rain leached to the soils and 
releasing heavy metals into groundwater and surface water. According to the Egyptian 
Environmental Affairs Agency (EEAA, 2007) last annual report, there were 91 plants in 
Egypt discharging their industrial wastes into the Nile River with total draining amount 
of 4.952 x109 m3/year resulting in 99.64% of the total industrial effluents resulting in 
releasing huge amounts of heavy metals contaminant. Abdelshafi (2007) stated in his 
study, waste water management in Egypt, that the industrial pollution in Egypt is at 
alarming degree where the industrial pollution loads led to vital water quality degradation 
as presented in Table 2-1. 
Table 2-1: Various pollution loads in Egypt (Abdelshafi, 2007) 
Parameters Load (t/d) 
BOD 235 
COD 423 
Oil and grease 168 
TDS 296 
Heavy metals 1.65 
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2.1.1 Cadmium Health Effects 
         Cadmium could be produced as a byproduct during the refining of some heavy 
metals, namely zinc and lead; however, besides the detrimental impacts of cadmium, it 
has a significant use if it is recycled. Cadmium is commonly used in nickel/cadmium 
batteries for its high tolerance to physical and electrical stress. Furthermore, it can be 
used in coating for its high corrosion resistance, pigments, and electronic compounds 
such as batteries. Cadmium could reach our bodies through food if it has been added to 
agricultural soil or fertilizers in various ways, such as atmospheric deposition and 
discharging industrial wastewater into surface water. Long term exposure can lead to 
severe lung diseases and lung cancer. Moreover, high concentrations of cadmium cause 
bone defects, osteomalacia and osteoporosis. In addition to causing lung cancer and bone 
defects, high exposure to cadmium may cause hypertension. The average daily intake for 
humans is found to be 0.15 µg from air and 1 µg from water; furthermore, smoking a 
packet of 20 cigarettes can lead to increase the inhaling cadmium up to 4 µg (Lenntech, 
1998). 
         Satarug (2004) has stated the health effects of chronic exposure to low-level 
cadmium in foods and cigarette smoke as a result of bioaccumulation in the human body 
.The levels of Cd in organs such as liver and kidney increase with age. Cd persists in 
kidneys of humans for many years where the half life time could be estimated to be 30 
years. This has been associated with occurrence of Cd toxicity, and increase in mortality 
risk by 40-100%. Besides, an excess amount of Cd may tend to pathologies such as renal 
failure, diabetics, and osteoporosis. 
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2.1.2 Copper Health Effects 
        Copper can reach our bodies through drinking water in copper pipes. Although 
copper is a vital element that our body needs, high doses of copper can cause anemia, 
liver and kidney damage, and stomach and intestinal irritation. Moreover, people that 
have Wilson’s disease are at risk for health effects from overexposure to copper 
(Lenntech, 1998). 
         Since copper has many practical uses ranging from coins to electrical wires and 
pipes, it can easily accumulate in the environment. Although our bodies need copper for 
good health, an excess amount of copper exposure or accumulation into human bodies 
can cause adverse health effects; for example, vomiting, diarrhea, stomach cramps, 
nausea, liver damage, and kidney disease. Unfortunately, children are more vulnerable to 
the toxic effect of copper much more than adults due to the fact that their bodies have not 
yet developed the mechanism needed to adapt to increased copper levels. The U.S. 
Environmental Protection Agency (USEPA) introduced a law to reduce the exposure if 
the level of copper in more than 10 percent of the collected tap water samples exceeds 
1,300 micrograms per liter (1,300 parts per billion).(Minnesota Department of Health, 
2005). 
 
2.1.3 Lead Health Effects 
         Lead has a significant role in many industries because it is ductile and easily 
shaped. It has been used in many sectors and products: batteries, petrol additives, 
chemical compounds, pigments, and cables (National Mining Association, NMA, 2009). 
Accordingly, lead can find a pathway to human beings through drinking water, food, air, 
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soil and dust. Overdoses of lead and long term exposure can tend to severe impacts 
especially on infants. High concentrations of lead may cause problems in the synthesis of 
hemoglobin, effects on the kidney, gastrointestinal tract, joints and reproductive system, 
and acute or chronic damage to the nervous system. According to the Environmental 
Protection Agency (EPA) in 2006, the long-term exposure of lead can be severe and 
tends to decreased growth, hyperactivity, impaired hearing, and brain damage.Recent 
studies have stated that lead may have an impact on mental and psychological 
developments in children; for instance children may lose up to 2 Intelligence Quotient 
(IQ) points if the blood lead level rises from 10 to 20 µg/dl. Lead mainly can be found in 
foods from the deposition of dust and rain containing lead on crops and soil. It can also 
accumulate in the human body from point source emissions. For example, lead can exist 
in drinking water from old lead piping and from illegal discharging of industrial waste 
water of high concentrations into surface fresh water (Lenntech,1998). 
 
2.2 Environmental Laws and Regulations in Egypt Related to Heavy Metals  
          The Egyptian government has promoted numerous environmental laws in order to 
protect the community from negative environmental impacts and diseases. Several of 
these deal with specific areas related to potential exposure to heavy metals such as food 
production, sanitation, housing, urban development, water pollution, and garbage 
collection (Egyptian Environmental Affairs Agency, EEAA, 2009). These laws are 
summarized in the following Table (2-2). Among the summarized laws in Table 2-2, we 
are mainly concerned about Law 93/62, Law 48/82, and Law 4/94 with respect to heavy 
metals. 
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Table 2-2: Egyptian Environmental Laws: 
Law Number Regulation 
Law 116/1983 Controls the use of land for non-
agricultural purposes. 
Law 48/1982 Addresses the protection of the Nile and 
related fresh waterways from pollution. 
Law 38/1967 and its amendment 31/1976 Deals with municipal solid wastes. 
Law 106/1976 Addresses housing construction, density, 
lighting and ventilation, permitting, 
plumbing and sanitary connection. 
Law 3/1983 Deals with planning of urban settlements. 
Law 145/1988 Delineates authorities and responsibilities 
of local government units 
Law 102/1982 Designates natural reserves and related 
conservation measures 
Law 93/1962 Details responsibilities and authorities of 
General Organizations for Sanitary 
Drainage in licensing and limitations of 
discharges to public sewers. 
Law 117/1983 Defines criteria for designation of historical 
structures, protection of antiquities and 
regulation of excavation in historical sites. 
Law 24/1983 Concerning protection of marine life and 
regulations of fisheries. 
Law 27/1981 Deals with regulations of handling toxic 
chemicals in industry 
Law 4/94 Has a greater role with respect to all 
governmental sectors as a whole. The law 
has been designated as the highest 
coordinating body in the field of the 
environment that will formulate the general 
policy and prepare the necessary plans for 
the protection and promotion of the 
environment. 
 
2.2.1 Law No. 93/62 
         Law No. 93/62 limits the heavy metals concentration in industrial water flows 
according to the discharged water.  The law has stated that the following metals either in 
a single form or mixed should not exceed 10 ppm if the discharge is less than 50 m3/d,  or 
5 ppm if the discharge is greater than 50 m3/d: copper, zinc, cadmium, chromium, 
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mercury, silver, nickel, and tin. Furthermore, the concentration of mercury and silver 
should not exceed 1 ppm regardless of the amount of the discharge. Interestingly, the law 
does not mention the allowable limits for lead. 
 
2.2.2 Law No. 48/82 
        The law was advanced in order to control the concentration of heavy metals in 
industrial discharges and the ambient concentrations in agricultural drains.  The law 
stated that the total heavy metals in the industrial effluents discharged to non-fresh water 
bodies should not exceed 1 ppm where non-fresh water bodies include agricultural drains 
and lakes.  Not only is the law concerned about non-fresh water, but also underground 
water reservoirs and fresh water areas.  Moreover, the law has given the following 
allowable limits for heavy metals in case of discharging agricultural drain water into 
fresh water bodies: (1) copper should not exceed 1 ppm, (2) cadmium should not exceed 
0.01 ppm, and (3) zinc should not exceed 0.01 ppm. 
 
2.2.3 Law No. 4/94 
        This law includes a whole chapter on hazardous materials and wastes. It prohibited 
discharging or dumping wastes without license from the competent authority.  It has also 
banned their importation or passage through the Egyptian territories.  Furthermore, law 
no.4/94 prohibits the passage of ships carrying hazardous waste in the territorial waters 
without permission from the competent authority. Violators of the rule will be penalized 
by not less than five years imprisonment and a fine not less than twenty thousands up to 
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forty thousand Egyptian Pounds; moreover, he will be responsible to re-export this waste 
at his own expense. 
2.3 Adsorption of Heavy Metals 
         Adsorption was discovered from the 1700’s by C.W. Scheele for gases, while 
Lowitz in the late 1700’s discovered adsorption for other media (Kraemer, 1930).  Now 
adsorption is a significant phenomenon in many applications. Sorption on solids is 
commonly used for purification in water and waste water, most often by using activated 
carbon. However, many other adsorbents are being used effectively such as silica gel, 
treated acid clay, and metal oxides. For example, Smith (1998) used recycled iron to 
remove metals from aqueous solutions. The triple layer surface complexation model was 
used to characterize the equilibrium of lead, cadmium, and zinc adsorption by using a 
recycled iron-bearing material.  The experiments were conducted using fixed bed and 
batch reactor systems.  The uptake capacity of the recycled iron adsorbent was favorable 
relative to some commercial adsorbents. 
        Adsorption is the accumulation of substances at a surface or interface.  It could be 
occurring between liquid-liquid, liquid-solid, gas-liquid, or gas-solid.  The material 
adsorbed or concentrated at a surface or interface of another medium is called adsorbate, 
while the adsorbing phase is known as the adsorbent. The term sorption includes both 
adsorption and absorption (Weber, 1972). Absorption is the interpenetration of the 
molecules or atoms of one phase with another to form a solution with the second phase. 
In contrast, adsorption is the accumulating of something such as a gas, a liquid, or a 
solute, on the surface of a solid or a liquid. For example, the removal of the undesirable 
dissolved gases from water may be achieved by gas stripping (absorption) or by their 
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adsorption onto a substance such as activated carbon (Bartleby, 2009).  Adsorption 
commonly takes place due to a combination of two forces which are lyophobic (solvent-
disliking) and the affinity of the solute to the solvent.  Thus, dissolved substances in 
aqueous systems are divided to either hydrophilic, water liking, or hydrophobic, water 
disliking.  The hydrophobic substances tend to be adsorbed from the aqueous solution 
more likely than the hydrophilic ones (Weber, 1972).  In addition to the cause of the 
adsorption, the adsorption rate depends on the mixing strength of solution, pH, nature of 
adsorbate, and temperature (Chen and Minsheng, 2001). 
 
2.3.1 Lead Adsorption 
         Kadirvelu (2001) stated that parameters such as agitation time, metal ion 
concentration, adsorbent dose and pH will affect the adsorption of lead from aqueous 
solution to the adsorbent. He also found that the adsorption equilibrium was reached in 
100 min for a solution containing 15 mgdm-3 and 125 min for a solution containing 20 
and 25 mgdm-3 Pb(II) respectively.  Moreover, he noted that the lead removal increases 
from pH 2 to 4 while it remains constant up to pH 10.0. 
          Netzer and Hughes (1984) studied the phenomena of lead adsorption mixed with 
other heavy metals, namely copper and cobalt, by commercial activated carbons from 
aqueous solution.  They found that the solution pH is the most important parameter 
affecting the adsorption process.  They observed no adsorption of lead, copper, and cobalt 
below a well defined pH.  Furthermore, they studied the adsorption of metals by using ten 
different commercial activated carbons.  Among the ten commercially available activated 
carbons, the Barney Cheney NL 1266 was found to adsorb the largest percentage of 
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metals.  It was also found that the adsorption of any single metal (lead, copper, or cobalt) 
was hindered by the presence of the other metals. In other words, metals are competing 
for the adsorption sites. 
          Chen and Wang (2000) investigated the removal of lead in addition to other two 
metals which are copper and zinc. They found that the breakthrough in a fixed bed 
occurred more slowly with an increasing influent pH and a decreasing discharge. They 
also found that the removal of individual metal ions was decreased when additional 
metals were added. 
          Smith and Amini (2000) studied the removal of lead by using recycled iron 
material as an adsorbent. They successfully recycled waste shot-blast fines produced 
from the manufacturing of cast iron in order to be an efficient and inexpensive adsorbent 
to remove heavy metals from industrial and hazardous waste water.  By conducting fixed-
bed experiments, they found that removal efficiency of lead by using the recycled iron 
material is equal or greater than those implemented by other adsorbents such as activated 
carbon. For instance, for an influent lead concentration of 10 ppm and pH 5.5, the sorbent 
yielded a solid phase uptake capacity of almost 40 mg/g. 
          Contreras et.al (2006) studied the effect of another biosource (silica) on the 
removal to remove lead using the continuous flow column experiment. He found that the 
binding capacity of the adsorbent has shown considerable advantage where the results of 
this study showed that the new biosource is an inexpensive adsorbent for Pb removal 
from contaminated water even in the presence of other hard cations like Ca and Mg. 
2.3.2 Cadmium Adsorption 
          Reed and Matsumoto (1993) studied cadmium adsorption by using two different 
 15
commercially available activated carbons. They conducted several experiments at 
different pH values and metal and carbon concentrations. They found that the cadmium 
removal strongly depends on the solution pH value, where increasing the solution pH 
values significantly increases the cadmium adsorption.The surface area of the sorbent 
was observed to be a more important parameter for organic adsorbates rather than heavy 
metals.  
       Tajar (2008) determined the adsorption capacity of cadmium on the surface of four 
different adsorbents: prepared activated carbon (PAC), commercial activated carbon 
(CAC), and the sulfurized carbons. He studied the adsorption before and after 
sulferization, where he found that the adsorption process was affected by some 
parameters such as the agitation time, initial concentration, and the solution pH value.  
Increasing the pH resulted in increasing the adsorption of cadmium by the adsorbent with 
removal efficiency up to 93% for the sulferized prepared activated carbon at initial 
concentration of 100 mg/l and for pH value greater than 8.  Tajar tested the adsorption 
capacity before and after sulfurization for the prepared activated carbon and the 
commercial one, and he used both Frendlich and Langmuir models to obtain the 
adsorption data. The maximum adsorption capacities were 90.9, 104.17, 126.58, and 
142.86 mg/g for commercial activated carbon, prepared activated carbon, sulfurized 
commercial activated carbon, and sulfurized prepared activated carbon respectively.  
Thus, the modification of activated carbon using SO2 greatly enhanced cadmium removal. 
        Teker and Imamoglu (1999) studied the adsorption of cadmium and copper by using 
activated carbon produced from rice hulls.  They investigated the relation between the 
adsorption capacity and the pH value, activated carbon dosage, agitation time, initial 
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concentration and the solution temperature.  They found that the breakthrough happened 
at pH values ranging from 5 to 8 and a carbon dosage of 0.5 g per 25 ml solution for a 
contact time of 60 minutes for the adsorption of copper.  While for the adsorption of 
cadmium, the removal was efficient at pH values range from 5 to 8 and carbon dosage of 
1.5 gm per 25ml solution for the same contact time.  Teker and Imamoglu used Freunlich 
and Langmuir models to get the adsorption constants.  The constants were calculated at 
293 K and 313 K, where the adsorption of copper and cadmium were found to be 
exothermic [ ∆H° = -13.474 KJ/mol for Cu and ∆H° = -2.302 KJ/mol for Cd].  
        Ozer (1998) used activated carbon produced from sugar beet to remove cadmium 
from aqueous solutions.  The adsorption ability was investigated according to a change in 
temperature, pH values, contact time, and adsorbent dosage.  Ozer stated in his study that 
effective removal efficiency of cadmium was found to be at 6.3 or greater; moreover, the 
maximum removal percentage for cadmium was 99.0, 78.2, and 57.0 by using 2.5 gm / l 
for initial concentration of 100, 250, and 500 mg/l  respectively at optimum 20°C for a 
contact time of 120 min. 
         Investigation in continuous flow column using GAC confirmed the high capacity of 
the produced carbon for cadmium adsorption in comparison to a commercial carbon 
(Shepherd 1992, Faust 1998).The number of bed volumes and the surface concentration 
of cadmium at breakthrough were successfully higher than that of the commercial carbon 
using the same HLR and EBCT. 
 
2.3.3 Copper Adsorption 
          Manktelow and Paterson (2005) investigated the removal of copper associated with 
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cyanide from aqueous solution by activated carbon.  They used a coal-based activated 
carbon with initial concentrations of 244 to 2441 mg/litre for cyanide in addition to 61 to 
610 mg/liter copper, and they found that the concentrations were reduced to a minimum 
of 3.6 mg/liter cyanide and 0.6 mg/liter copper. 
          Teker and Mustafa (1999) tested the removal of copper by using activated carbon 
produced from rice hulls. They investigated also the effect of the pH, activated carbon 
dosage, and the agitation time. The investigation gave an optimum values for the pH 
range for the adsorption of copper ions varying from 5-8.  While the optimum values of 
activated carbon dosage and the contact time were determined to be 1.5gm activated 
carbon/ 25 ml solution and 60 minutes respectively to the adsorption of copper ions.  
From the initial concentrations, the constants for Freundlich and Langmuir isotherm were 
calculated at 293 K and 313 K. It was found that the adsorption of copper ions from the 
aqueous solutions was exothermic, where ∆H° = -13.474 KJ/mol for cupper. 
          Tumin and Chuah (2008) conducted a series of batch laboratory experiments to 
estimate the removal of copper from aqueous solution by using activated carbon 
produced from palm kernel shell.  The investigation was carried out to study the removal 
efficiency under the influence of the initial solution pH, adsorbent dosage, and initial 
concentration of copper.  The experiments were done at 30°C (±2°c) using a mechanical 
shaker that operated at 100 rpm.  They also used Langmuir, Freundlich, Redlich-peterson, 
Temkin and Toth adsorption isotherms in order to analyze the single component 
equilibrium data.  The experiments were carried out in a series of 30ml stoppered reagent 
bottles using a CuSO4 solution with initial concentrations of 10,20,30,40 and 50 mg/l.  
The bottles were containing 0.5 gm of activated carbon.  The pH values were adjusted by 
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adding HNO3 or NaOH.  The bottles were shaken for 6 hours to attain equilibrium 
condition.  The pH was one of the most parameters controlling the adsorption of heavy 
metals from wastewater and aqueous solution. This study showed that the adsorption of 
copper increases from 0.11 mg/g to 1.20 mg/g when the pH increases from pH 2.0 to pH 
6.0, where a significant increase in the removal of copper was noted at pH 4-5; however, 
at higher pH values (pH 6, pH7, pH8 and pH9) there was a decrease in the adsorption 
capacity.  The decrease in the uptake of copper at high pH values maybe due to the 
occurrence of copper precipitation.  Another adsorption parameter was the adsorbent 
dosage.  The adsorbent dosage was investigated in this set of experiments, where the 
adsorption of copper increases from 0.86 mg/g with 0.5 g adsorbent up to 1.08 mg/g with 
1.0 gm adsorbent.  However, the uptake of copper ions from the aqueous solution 
decreases with the increase of adsorbent dosage.  They carried out the experiments at 
adsorbent dosage 2.0 gm and 2.5 gm, and it was found that the copper adsorption 
capacity was 0.41 mg/gm and 0.34 mg/gm respectively. These results may be from the 
overcrowding of the adsorbents or the screening effect of the dense outer layer of the 
cells, thereby shielding the binding sites from metal. The adsorption capacity was tested 
also under different adsorbate concentrations.  It was found that the adsorption capacity 
increases from 0.23 to 1.09 mg/gm as the copper concentration increases from 10 to 50 
mg/l.  Thus, this study stated that the activated carbon prepared from the palm shell could 
be used to remove heavy metals from aqueous solutions. Moreover, the adsorption of 
copper was found to be optimum at pH 5.0, initial concentration 50 mg/l and loading 1.0 
gm. Besides, it was determined that the maximum adsorption capacity was 3.9293 
mg/gm. 
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        Sulayman et al. (2009) has investigated the removal of copper form aqueous 
solution using granular activated carbon in a fixed bed volume. The granular activated 
carbon was found to be suitable adsorbent for the removal of Pb, Cu, Cr and Co from 
aqueous solution. The study showed that as the flow rate and the initial metal ion 
concentration increase, and the bed height decreases, the time of the breakthrough point 
decreases.  
 
2.4 Factors Affecting Adsorption 
2.4.1 Nature of the Adsorbent 
          The adsorption process is mainly a surface phenomenon in which adsorption 
depends on the portion of the total surface area available to the adsorption process.  The 
adsorption capacity is directly proportional to the specific surface area (Weber, 1972). 
          Vernon et al.(1967) found that the physicochemical nature of the surface of carbon 
is an important factor in the adsorption process, and should be considered in selection or 
preparation of carbons for specific applications. 
2.4.2 Nature of the Adsorbate 
         The adsorption process is mainly affected by the nature of the adsorbate in the sense 
of its solubility in the solute. The adsorption capacity is inversely proportional to the 
solubility of an adsorbate in the solute, and this is the Lundelius rule, one of two rules 
used to predict the effect of a solute’s chemical character on its uptake (Weber, 1972). 
The greater the solubility, the stronger the solute-solvent bond is and therefore the 
smaller the extent of adsorption. The molecular size of the adsorbate is of significance 
too. The molecular size relates to the rate of uptake of solutes from aqueous solution by 
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porous adsorbents so that the smaller the molecular size, the faster the reaction is.  
However, it must be kept in mind that the adsorption process dependence on molecular 
size can be generalized only within a particular chemical class.  For example, large 
molecular size of a certain type of a chemical series may be adsorbed more rapidly than 
smaller ones of another class.  Moreover, the rate of uptake dependence on the molecular 
size is expected only for rapidly agitated batch reactors which are of limited interest in 
water and wastewater systems.  In contrast to the molecular size effects, the variations in 
the geometry and structure of the molecules have smaller effects on the equilibrium 
conditions (Faust, 1998). 
        Ionization also plays a role in the uptake capacity, where many components of water 
and wastewater exist as ionic species.  For example, fatty acids, amines, and pesticides 
have the property of being ionized under appropriate conditions of pH.  The ionization of 
some chemical components and classes is believed to be of significance for the carbon 
adsorption process due to the fact that activated carbon commonly exists with a net 
negative charge in water.  It has also been observed that as long as the compounds are 
structurally simple, the uptake capacity decreases for the charged species and increases 
for the neutral ones. As compounds become more complex, the effect of ionization 
becomes less important.  Thus, the adsorption capacity was on the decrease by the 
increasing of ionization for many different types of simple organic acids.  To conclude, it 
has been observed that a polar solute will tend to be strongly adsorbed by a polar 
adsorbent in a non polar solvent.   
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          Also, it was found that the order of increasing pK for the first hydrolysis product 
(e.g., PbOH+) of metal ions affect the adsorption magnitude of heavy metals by 
increasing the adsorption under acidic conditions (pH 5.0) ( Elliott et al., 1986). 
          Stafiej et al. (2007) studied the adsorption of heavy metal ions with carbon 
nanotubes. She investigated the effect of both pH value and ionization of the metal on the 
adsorption process. She found that the pH value plays a vital role on the adsorption 
process in particular. When the solution pH value is higher then the pH of the zero point 
of charge (pHpzc), the negative charge on the surface provides electrostatic interactions 
that are favorable for adsorbing cationic species. The decrease of pH tends to neutralize 
the surface charge; thus, the adsorption of cations should decrease. Also, it was found 
that the low adsorption that happened in the acidic region can be attributed in part to 
competition between H+ and the metal ion M+2 .  
 
2.4.3 Solution pH  
         The uptake capacity of adsorbates from the aqueous solution is affected by the 
value of the pH of the solution. This is due mainly to the fact that hydrogen and 
hydroxide ions are being adsorbed strongly by activated carbon, so the adsorption of 
other ions is influenced by the pH of the solution.  Furthermore, since the ionization has 
an effect on the uptake capacity of the adsorbates from the solvent, pH affects the 
adsorption as well in that it governs the degree of ionization of acidic or basic 
compounds. The adsorption of organic pollutants from the aqueous solution is increased 
by decreasing the pH. This can occur due to the fact the lowering the pH of the aqueous 
solution results in neutralizing the negative charges at the surface of the carbon by 
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increasing the hydrogen-ion concentration. Therefore, it releases more available active 
surface of the carbon.  This phenomenon varies for different carbons according to the 
composition of the raw materials and on the technique of activation (Weber, 1972). 
          Corapcioglu et al. (1987) found that the adsorption of heavy metals is affected by 
the carbon type, pH, and surface loading. The pH impacts the extent of metal removal in 
the senses of ionization where the free metal ions, M2+, and their hydroxo species, 
M(OH)y2-y all participate in the adsorption reaction. The pH-adsorption values increase 
depending on the cationic metal ion for every metal.  
          Netzer et al. (1984) studied the adsorption of copper, lead and cobalt by activated 
carbon. In their study, the solution pH was found to be the most important parameter 
affecting the adsorption. They found that there was practically no adsorption of lead, 
copper, and cobalt by activated carbon below a well defined solution pH value for each 
metal. Moreover, the existence of other heavy metals hindered the adsorption of any 
target metal; i.e., the metals competed for adsorption sites. 
          Osvaldo et al. (2007) investigated the adsorption of heavy metal ion from aqueous 
single metal solution by chemically modified sugarcane bagasse. He found that the 
removal of metal ions from aqueous solutions by adsorption is dependent on solution pH 
as it affects adsorbent surface charge. The removal of Pb, Cu and Cd ions from aqueous 
solution increases with the increase in pH. Maximum removal of Cd was observed above 
pH 6 and in the case of Pb and Cu, above pH 5.0 and 5.5, respectively. 
 
2.4.4 Temperature 
          The uptake capacity of adsorbates from aqueous solution tends to increase with 
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decreasing temperature due to the fact that the adsorption process is normally exothermic.  
However, small variations in temperature will not affect the adsorption process to a 
significant extent. The rate of adsorption is related to the activation energy and 
temperature dependence of equilibrium capacity where the dependence of rate of 
adsorption is expressed as activation energy (Ea), and the temperature dependence of 
equilibrium capacity for adsorption is known as ∆H. Although the energy parameters, Ea 
and ∆H, are useful for delineating the adsorption process, the normal temperature 
variations in water and wastewater treatment have minor effects on the adsorption 
process (Weber, 1972). 
 
2.4.5 Adsorption from Multicomponent Solution 
        It is well known that in the adsorption process for treatment of waters and 
wastewaters, the adsorbed contaminants will be a mixture of many compounds.  The 
mixture of the pollutants will affect the adsorption process so as to enhance the uptake 
capacity of one substance, or interfere with another element. The adsorption of one 
element results in less number of open sites on the surface of the adsorbent; 
consequently, the availability of adsorbent to the other compounds will decline. 
         The adsorption capacity on carbon for mixed solutions has shown that each 
compound competes with the adsorption of the other. The competition is related to the 
relative sizes of the molecules being adsorbed, the concentrations of the adsorbates, and 
the adsorptive affinity. These competitive impacts can be so strong that they lead to a 
rapid breakthrough of a target pollutant in an adsorber such as a column reactor. 
        Chris and Lisa (2000) studied the competition of heavy metals, namely cadmium, 
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copper, and lead, adsorption on goethite. In adsorption edges, ionic strength effects heavy 
metals adsorption. The metal capacity on the goethite surface was found to increase with 
metal electronegativity. Metal capacity on the goethite surface was found to increase with 
metal electronegativity: Cu > Pb> Cd.  Thus, the ion adsorption on oxides is due to the 
surface charge. 
        Srivastave et al. (2005) investigated the competitive adsorption behavior of heavy 
metals on kaolinite. They investigated the adsorption of Cd(II), Cu(II), Pb(II), and Zn(II) 
on kaolinite in single- and multicomponent as a function of pH and concentration. The 
adsorption was found to follow the following order: Cu > Zn > Pb >Cd in single solute 
systems, but Pb > Cu > Zn > Cd in the multicomponent system. 
          
2.5 Activated Carbon 
          Activated carbon is known to be a very effective adsorbent for some dissolved 
substances (adsorbates) because it has a highly porous and reactive surface (Droste, 
1997). The pore volume is commonly distributed over a narrow range between 4 to 30 
angstroms (Å) (Cooper, 2002). The diameter of activated carbon pores has been classified 
into micropores (diameter < 2 nm), mesopores ( 2-50 nm), and macropores (diameter > 
50 nm) (Amphol, 2008). 
          Although there are many adsorbents that can be used to treat contaminants in 
water, such as Magnesia, recycled iron, and activated alumina, activated carbon is 
considered among the best due to its large surface area (600-1400 m2/g) ( See Table 2.3). 
          Activated carbon has shown acceptable removal efficiency for organic 
contaminants such as halo acetic acids (HAAs), but it also may have high removal 
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efficiency for inorganic contaminants such as mercury, lead, cadmium, and other toxic 
metals (Weber, 1972) 
Table 2-3: Physical Properties of Several Adsorbents (Cooper and Alley,2002) 
Composition 
Internal 
Porosity, 
% 
External Void 
Fraction, % 
Bulk Dry 
Density, lbm/ft3 
Surface 
Area, 
M2/g 
Acid-Treated Clay 30 40 35-55 100-300 
Activated Alumina 
and Bauxite 30-40 40-50 45-55 200-300 
Aluminosilicate 
”sieves” 45-55 35 41-44 600-700 
Bone Char 50-55 18-20 40 100 
Carbons 55-75 35-40 10-30 600-1400 
Fuller’s Earth 50-55 40 30-40 130-250 
Iron Oxide 22 37 90 20 
Magnesia 75 45 25 200 
Silica Gel 70 40 25 320 
         
         Carbonaceous materials such as wood, coal, lignite, coconut shells, and agricultural 
wastes can be used as a raw material to produce activated carbon. Two main processes 
are adopted to produce activated carbon, carbonization and activation respectively. First, 
the carbonization process is heating the raw material in the absence of air to remove any 
associated atoms to the carbon in order to get pure carbon. Dehydrating agent can be 
added during the carbonization process. Second, the activation process is done by passing 
oxidative hot gases such as carbon dioxide and steam through the carbon at very high 
temperatures varies between 315 and 925°C to remove any noncarbonaceous material 
and to form the pores of the activated carbon surface (Droste, 1997). 
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           Activated carbon is produced in two different forms, namely granular activated 
carbon (GAC) and powdered activated carbon (PAC). GAC has a filtration aspect, and is 
usually used in fixed bed adsorbers (i.e., columns). Moreover, it is characterized with an 
apparent dry density varying between 22 to 50 g/100 ml, and its pore volume is around 
0.85-0.95 ml/g. GAC is normally produced in particle sizes between 50 mesh (0.30 mm) 
and 8 mesh ( 2.36 mm).  PAC is used most often in completely mixed reactors for 
biological and water treatment operations.  It is characterized by an apparent dry density 
between 34-74 g/100 ml, and its pore volume is around 2.2-2.5 ml/g. Furthermore, its 
particle size is smaller than 200 mesh (0.075mm).  Hence, the small particle size of the 
PAC results in reaching the equilibrium capacity much faster than GAC (Droste, 1997). 
          Activated carbon is widely needed in purification of gas, water, and wastewater 
treatment. Due to the high price of commercial activated carbon; however, finding an 
alternative product with a feasible price and effective adsorption capacity is of very high 
interest.  It has been found that most of the agricultural waste byproducts found in huge 
amount can be used to produce qualified activated carbon; i.e., material that is efficient in 
adsorption of gases and solutes from aqueous solutions at a reasonable cost (Aravindhan, 
2009). 
 
2.6 Activated Carbon from Agricultural Waste 
        In developing countries such as Egypt, agricultural waste is found in abundance, 
contains high carbon content, and is considered a very cheap raw material. It may be used 
to produce activated carbons with surface area, pore volume, and porosity considered 
suitable for the purification of gases, water, and wastewater.  Pistachio shell, coconut 
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shell, rice husk, oil-palm shell, cotton stalks, wood, sugarcane bagasse, and many other 
agricultural wastes have been tried in activated carbon production due to their very low 
cost ( Logan, 2002). 
           Louis (2006) produced activated carbon from cotton stalks by using the chemical 
activation method at 500oC. After cutting and chopping the raw material, it was soaked in 
phosphoric acid for 22 hours and then dried in an electrical oven at 120oC for 6 hours. 
This material was carbonized and activated at 400-500oC in the absence of any flow gas. 
The pyrolyzed carbons were washed by boiling in distilled water until the pH of the 
effluent water reached almost 6.5 and then dried in an electrical oven up to 100oC. This 
carbon was used in this study to investigate its efficiency in removing heavy metals. 
         The produced activated carbon has the following characteristics: 
• The particle density of the produced activated carbon is 1 gm/cm3, while current 
commercial activated carbon  varies from 0.67 to 1.4 gm/cm3 
• The total surface area of the produced activated carbon is ranging from 594 to 838 
m2/g compared to the commercial one which varies from 500-1800 m2/g. 
• The produced activated carbon has a pore volume 0.31-0.46 ml/g compared to 
commercial ones which vary from 0.34-1.32 ml/g. 
• The produced carbons are characterized by very high micropore volume and 
microporous surface area compared to the commercial ones. In addition, the pore 
radius varies from 9.8 to 11.9 Å while the commercial one ranges from 18 to 50 
Å. 
          Ferro-Garcia (1990) has produced activated carbon from almond shells, olive 
stones, and peach stones by employing activation in a CO2 atmosphere at 850oC for 
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almost 8 hours. He also studied the product on the adsorption of lead by using batch and 
column studies.  In batch studies using 70 mg/l lead dose, the activated carbon produced 
from almond shells showed the best removal capacity (22.7 mg/gm) compared to the 
other two raw materials, the olive stone activated carbon yielding a capacity up to 18.3 
mg/gm, and that from peach stones with a capacity of 17 mg/gm. The column study gave 
the same results as the batch study, where the activated carbon produced from almond 
shells was more effective for Pb removal than the other carbons. 
          Attia (2004) has produced activated carbon from cotton stalks. He investigated the 
adsorption of the produced activated carbon on the removal of nitrogen. The produced 
activated carbon was produced by using two different activation processes. First, the 
chemical activation method was adopted by leaving the cotton stalks in ZnCl3 for 3 days, 
then activating the product at 6000C for 4 hours. Second, the physical activation process 
was used by pyrolysis at 6000C for 2 hours followed by steam activation at 9500C. The 
activated carbon produced from cotton stalks demonstrated good results for the removal 
of nitrogen. 
          Girgis (1999) has studied the removal of nitrogen by using activated carbon 
produced from cotton stalks. The chemical activation process has been used by passing 
H3PO4 at temperature 5000c for 4 hours. This method ended up having high quality 
activated carbon.  
        Many other studies are being investigated to find out other raw materials capable to 
produce activated carbon. Daifullah (2003) has produced from date pits, peach stones, 
almond shells, and olive stones an activated carbon with a high surface area equal 1100 
m2/g compared to the commercial one, and high micropores area and total pore volume. 
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Saurez (2002) has used the apple pulp to produce activated carbon. Saurez has come up 
with an activated carbon of surface area equal 854m2/g. Mitchell (1999) has come up 
with an activated carbon of surface area ranging from 618 to 1149 m2/g from the pecan 
shells by using steam in the activation process; while using CO2 in the activation process 
produced an activated carbon of surface area of 1560 m2/g. 
        In summary, the development of producing a useful product from available 
agricultural wastes like activated carbon for environmental applications such as the 
removal of toxic heavy metals from water and wastewater offers many advantages versus 
burning the wastes in open areas.  
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Chapter Three 
Materials and Methods 
         Laboratory experiments presented in this chapter were carried out in order to 
evaluate the adsorption efficiency of the activated carbon produced from cotton stalks. A 
series of experiments were conducted to determine adsorption capacity of the activated 
carbon for heavy metals; namely, cadmium, lead, and copper. The experiments utilized 
two modes of application; completely mixed batch reactors, and continuous flow 
columns. Both systems are used in water and wastewater treatment according to the 
required application. The column experiments also give a picture of the dynamic (or 
kinetics) of the adsorption process as well as a picture of competitive adsorption of 
multicomponent solutions.  In addition to the adsorption experiments, a surface titration 
experiment was carried out in order to know the surface charge characteristics of the 
activated carbon used in these experiments.  
3.1 Materials and Equipments 
3.1.1 Synthetic Cadmium Solution 
         The working cadmium solutions were prepared by dissolving 1.48 g of cadmium 
nitrate (Cd(NO3)2.4H2O) with assay 99% ( manufactured by ASO) in de-ionized distilled 
water (DDW) produced from two consecutive water treatment units (model Fistream 
Glass Still and model Nano pure UV manufactured in USA by Barnstead) to get a 
concentration of 540 ppm (0.0048 M). 
The experimental cadmium solutions were diluted to reach the desired concentration of 
cadmium used in the experiments by diluting the stock solution as follows: 
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• 5.4 mg/l: 10 ml of the stock solution added to 990 ml DDW. 
An ionic background, sodium nitrate (NaNO3) with assay of 99% (manufactured in UK 
by Gainland Chemical Company GCC), was added. The sodium nitrate was added to the 
diluted cadmium solution to adjust the ionic background to 0.01 M to make the solution 
to more realistically simulate untreated water and to ensure the same total dissolved 
solids concentration in all cases.  
          Most of the samples collected from experiments were diluted to suit the optimum 
reading range of the atomic absorption spectrometer according to each metal.  For 
cadmium, this is 0.5 to 10 µg/l.  Dilutions of the cadmium solutions were carried as 
follows: 
• 5.4 mg/l experiments: 200 µl from sample in 100 ml measuring flask + 5 µl 
nitric acid to stabilize the samples. 
The standard solutions used in the calibration procedure for the atomic absorption 
spectrometer were prepared with the same dilution procedure as the samples. 
3.1.2 Synthetic Lead Solution 
       The working lead solutions were prepared by dissolving 1.62 g of lead nitrate 
(Pb(NO3)2) with assay 99% ( manufactured by ASO) in DDW to get a concentration of 
1000 ppm (0.0048 M). 
The experimental lead solutions were diluted to reach the desired concentration of lead 
used in the experiments by diluting the stock solution as follows: 
• 10.0 mg/l: 10 ml of the stock solution added to 990 ml DDW. 
The solution was used with the same ionic background of 0.01 M. 
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        The samples from experiments were diluted to meet the optimum reading range of 
the atomic absorption spectrometer (5 µg/l to 100 µg/l). Dilutions of the lead solutions 
were carried as follows: 
• 10.0 mg/l experiments: 1000 µl from sample in 100 ml measuring flask + 5 µl 
nitric acid to stabilize the samples. 
The standard solutions used in the calibration procedure for the atomic absorption 
spectrometer were prepared with the same dilution procedure as the samples. 
3.1.3 Synthetic Copper Solution 
        The working copper solutions were prepared by dissolving 1.16 gof copper nitrate 
(Cu(NO3)2.3H2O) with assay 99% ( manufactured by ASO) in DDW to get a 
concentration of 305 ppm (0.0048 M). 
The experimental copper solutions were diluted to reach the desired concentration of 
copper used in the experiments by diluting the stock solution as follows: 
• 3.05 mg/l: 10 ml of the stock solution added to 990 ml DDW. 
Like cadmium and lead, the copper solution had the same background of 0.01 M. 
       The samples from experiments were diluted as follows to meet the optimum reading 
range of the atomic absorption spectrometer for copper (5 µg/l to 100 µg/l). 
• 3.05 mg/l experiments: 2000 µl from sample in 100 ml measuring flask + 5 µl 
nitric acid to stabilize the samples. 
The standard solutions used in the calibration procedure for the atomic absorption 
spectrometer were prepared as follows: 
• 3.05 mg/l experiments: 2625 µl from the standard into 100 ml to get a 
concentration of 80 µg/l. 
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3.1.4 Synthetic Mixed Solution of Cadmium, Lead, and Copper 
      The working mixture solutions were prepared by dissolving 1.48 g of cadmium 
nitrate (Cd(NO3)2.4H2O), 1.62 g lead nitrate (Pb(NO3)2 , and 1.16 g copper nitrate 
(Cu(NO3).3H2O) in DDW to get a concentration of 540 ppm cadmium, 1000 ppm lead, 
and 305 ppm copper and a molarity of 0.0048 M of each solute. The experimental 
mixture solutions were diluted to reach the desired concentrations of cadmium (5.4 mg/l), 
lead (10.0 mg/l), and copper (3.05 mg/l) used in the experiments by diluting the stock 
solution as follows: 
•  10 ml of the stock solution added to 990 ml DDW. 
The solution ionic background was adjusted as before to 0.01 M. The final target metal 
concentrations are representative of those encountered in wastewater discharges (Louis et 
al., 2006). Most samples from experiments were diluted to suit the reading range of the 
atomic absorption spectrometer for each metal as described before. 
 
3.1.5 Activated Carbon 
The activated carbon used in this work was produced from cotton stalks, with the 
production procedure and carbon properties described in Louis (2006). For this research, 
a sample of the produced carbon was sieved using U.S standard sieves. The pass 200 
fraction was used for the surface titration experiment, and 35-50 mesh fraction was used 
in the adsorption experiments. 
        The carbon was dried in a tray oven (manufactured in U.S.A by Grieve) at 50oC 
over night before use. Then, the carbon was kept in simple bench desiccators 
(manufactured in U.S.A by Nalgene); CaSO4, was used to absorb moisture. 
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       All weights of carbon and chemicals were obtained using an analytical balance 
(model AE 100 manufactured in Switzerland by Mettler). It has a maximum capacity of 
109 g, reproducibility of 0.1 mg, and a linearity of ± 0.2. 
 
3.2 Surface Titration 
Sorbent samples were titrated potentiometrically in order to estimate surface charge 
characteristics. In the study, 0.5 g of dry sample (200 x 325 mesh) was suspended in a 
Teflon reaction vessel containing 50 ml of DDW at room temperature to yield a solid 
concentration of 10 gm/L. The suspension was continuously stirred and purged by ultra 
pure nitrogen gas prior to titration in order to remove CO2 that would interfere with an 
acid-base titration. Standard HNO3 (of assay 65%) with a molarity of 0.1 M and NaOH 
with a molarity of 0.1 M were added precisely to adjust the pH. The pH was measured by 
a precalibrated SCHOTT pH meter and  probe (Figure 3-1). Na No3 was used as an ionic 
background  in order to standardize the solution. The NaOH was incrementally added to 
the suspended solution to raise the pH, and the HNO3 was incrementally added to lower 
the pH. The total volume of acid and base added was less than 5% of the sample volume 
(5 ml) to minimize the dilution effects. The pH was measured for increments of 0.1 ml 
for both acid and base. The experiment was done for ionic backgrounds of 0.1M, 0.01M, 
and 0.001M. to examine the impact of background total dissolved solids concentration on 
surface charge of the carbon. 
The experiment was conducted as follows: 
1. Prepare 8.5 g NaN03 in 1L DDW to give 0.1M solution. 
2. Prepare 2 g of NaOH in 500 ml DDW to give 0.1M solution. 
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3. Prepare 3.2 ml of HN03 (assay 65%) in 500 ml DDW to give 0.1 M solution. 
4. Take 50 ml from the ionic background (NaN03 with 0.1 M) and add 0.5 gm activated 
carbon.   Stir and purge the solution continuously by nitrogen gas while measuring the 
pH. 
5. For the alkaline leg, use NaOH of 1 M. Add volume of 0.1 ml until reaching 5% of the 
total volume of the solution (5 ml). Measure the pH every 0.1 ml. 
6. For the acid leg, use HN03 of 1 M. Add volume of 0.1 ml until reaching 5% of the total 
volume of the solution (5 ml). Measure the pH every 0.1 ml.  
       The experiment was repeated for ionic backgrounds 0.01 and 0.001 M by diluting the 
stock solution used in the first step to the desired molarities as follows: 
• For 0.01 M: add 10 ml from the NaN03 stock solution (0.1 M) into 100 ml DDW. 
• For 0.001 Mole: add 1 ml from the NaN03 stock solution (0.1 M) into 100 ml DDW. 
 
Figure 3-1: pH meter 
3.3 Batch Equilibrium Experiments 
All the synthetic solutions had the same molarity of 0.0048 M.  The same molarity is 
used so that the relative adsorption capacity of the target metals can be compared in a 
meaningful way. 
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 The purpose of this set of experiments was: 
1) To determine the precipitation pH range of the synthetic solutions of either 
cadmium, lead, copper, or a mixture of three metals. 
2) To determine the most suitable pH for metal adsorption. 
3) To test several carbon dosages and their effect on metal uptake from solution. 
4) To determine the absorption capacity of carbon at different pH values. 
This set of experiments was carried out using 100 ml plastic bottles (manufactured in 
USA by Nalgene company). The experiments done are presented in the following tables: 
 
Table 3-1: The Equilibrium Experiments for Cadmium. 
Experiment 
Number 
Carbon 
Dose 
(gm/L) 
Carbon Size 
( mesh) 
Cadmium 
Concentration 
(mg/L) 
pH Range Reaction 
Time 
(Days) 
1 0 No Carbon 5.4 3-11 3 
2 0.5 35-50 5.4 3-11 3 
3 1.0 35-50 5.4 3-11 3 
 
Table 3-2: The Equilibrium Experiments for Lead 
Experiment 
Number 
Carbon 
Dose 
(gm/L) 
Carbon Size 
( mesh) 
Lead 
Concentration 
(mg/L) 
pH Range Reaction 
Time 
(Days) 
1 0 No Carbon 10.0 3-11 3 
2 0.5 35-50 10.0 3-11 3 
3 1.0 35-50 10.0 3-11 3 
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Table 3-3: The Equilibrium Experiments for Cupper 
Experiment 
Number 
Carbon 
Dose 
(gm/L) 
Carbon Size 
( mesh) 
Cupper 
Concentration 
(mg/L) 
pH Range Reaction 
Time 
(Days) 
1 0 No Carbon 3.05 3-11 3 
2 0.5 35-50 3.05 3-11 3 
3 1.0 35-50 3.05 3-11 3 
 
Table 3-4: The Equilibrium Experiments for The Mixture Solution 
Experiment 
Number 
Carbon 
Dose 
(gm/L) 
Carbon 
Size 
( mesh) 
The Mixture 
Concentration 
(mg/L) 
pH 
Range 
Reaction 
Time 
(Days) 
    Cadmium Lead Cupper   
1 0.5 35-50 5.4 10.0 3.05 3-11 3 
2 1.0 35-50 5.4 10.0 3.05 3-11 3 
 
The experimental procedure was as follows: 
1- Prepare 1000 ml of the heavy metal solution in a volumetric flask by diluting the 
stock solutions ( Cd: 540 ppm, Pb: 1000pm, Cu: 305 ppm ) to the desired 
concentrations. 
2- Adjust the ionic background (NaN03) of the solution to the molarity of 0.01 M by 
adding 0.85 g NaN03 for every liter. 
3- Distribute the solution among the plastic bottles (50 ml in each). 
4- Add the carbon dose for the solution in the plastic bottles according to the 
specified dose (i.e. for carbon dose 0.5 g/l, add 0.025 g carbon in every 50 ml). 
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5- Target pH adjustment using HN03 of assay 65% and NaOH solution with assay 
96%        ( manufactured in Egypt by El Nasr Pharmaceutical Company). 
6- Shake the bottles on the shaker at 175 RPM to ensure good agitation. 
7- Readjust the pH after 24 hours to account for drift that occurs during adsorption 
process. 
8- Shake again on the shaker till the end of the experiment time (3 days). The three 
days reaction has been shown by others to be more than satisfactory for achieving 
equilibrium for adsorption of heavy metals onto activated carbon in general, and 
the produced carbon in particular (Louis et al.,2006; Osvaldo, 2007). 
9- Measure the final pH. 
10- Filter the solution to separate the carbon from the solution using the vacuum 
filtration setup shown in Figure 3.2 after rinsing the filter papers with DDW. The 
filter papers used in the filter cups were 0.45 µm membrane filters. The filter cups 
were manufactured in U.S.A. by Nalgene. 
11- Dilute the filtrate to meet the measuring range of the atomic absorption 
spectrometer. 
12- Acidify all the samples to reach pH < 2.0 as required by the analytical technique. 
13- Analyze the samples via the atomic spectrometer to determine the equilibrium 
heavy metal solution concentration. 
 
Figure 3.2: Vacuum Pump for filtration 
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3.4 Column Experiments: 
The purpose of this set of experiments was: 
1- To observe the adsorption kinetics of the solutes, 
2- To determine the adsorption capacity of the activated carbon, for the target 
metals, 
3- To investigate the competition among the three metals (lead, copper, and 
cadmium) on the adsorption process. 
This set of experiments was conducted using stainless steel columns of internal diameter 
7 mm and 80 mm length for all experiments, except a 160 mm column was used for the 
mixture of the three solutes. The solutions were administered to the column by a positive 
displacement pump, reciprocating type (manufactured in U.S.A by Eldex), that delivers 
the solution from a polypropylene container (with a tight cover) to the bottom of the 
column. At the bottom of the column there is a three-way valve that directs the influent 
either to the column or to waste. The setup of the experiment is shown in Figure 3-3. 
       The experiments done are presented in the following tables:  
 
Table 3-5: The Column Experiments for Single Solutes 
Solute 
Column 
Diameter 
(mm) 
Carbon 
bed 
depth 
(mm) 
Carbon 
Size 
( mesh) 
Concentration 
(mg/l) 
Influent 
flow 
rate 
ml/min 
pH 
 
 
Run 
Time 
(Hrs) 
Cd 7 60 35-50 5.40 6 5.5 84 
Pb 7 60 35-50 10.0 6 5.5 84 
Cu 7 60 35-50 3.05 6 5.5 84 
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Table 3-6: The Column Experiments for the Mixture Solution 
Experiment 
Number 
Column 
Diameter 
(mm) 
Carbon 
bed 
depth 
(mm) 
Carbon 
Size 
(mesh) 
The Mixture Solution 
Concentration 
(mg/l) 
Influent 
flow 
rate 
ml/min 
pH 
 
 
Run 
Time 
(Hrs) 
    Cadmium Lead Cupper    
1 7 140 35-50 5.40 10.0 3.05 6 5.5 84 
 
The experiment was conducted as follows: 
1- Prepare 1000 ml of the solution in a volumetric flask by diluting the stock 
solution to the desired concentration. The dilution step utilizes 10 L flask in order 
to fill the polypropylene container. 
2- Adjust the ionic background of the solution to 0.01M as NaN03.  
3- Adjust the pH of the prepared solution to the specified pH, by using HNO3 and 
NaOH solution. 
4- Pack the column by adding 1 cm glass beads followed by 6 cm carbon and ended 
by 1 cm glass beads. For uniform packing, a glass rod was used on tapping and 
tamping the column. While for long columns (160 mm), pack the column by 
adding 1 cm glass beads followed by 14 cm carbon and ended by 1 cm glass 
beads.  
5- Pass distilled water through column for 1 hr to cleanse any carbon fines from the 
system. 
6- Switch the three way valve to waste and plugging in the cadmium solution for 10 
mins. 
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7- Switch the three way valve to the column and wait for 30 secs before starting time 
zero. This accounts for the travel time of the solution through the glass beads to 
the bed. 
8- Collect the influent and effluent samples at the specified times in small test tubes. 
9- Measure the pH of the samples immediately after collecting them. 
10- Acidify the samples to reach pH<2.0 for storage purpose. 
11- Dilute the samples to suit the range of the atomic absorption spectrometer just 
before analyzing. 
12- Acidify the samples to reach pH<2.0 for analysis purpose. 
13- Analyze the samples using the atomic absorption spectrometer. 
 
Figure 3-3: The Column Experiment Setup 
3.5 FTIR Experiment 
The purpose of this experiment was to investigate whether there were any chemical 
reaction between the organic surface functional groups of the activated carbon and the 
target heavy metals.  
The experiment was conducted as follows: 
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1) Prepare 1000 ml heavy metal solution in a volumetric flask by diluting the stock 
solution to the desired concentration. 
2) Adjust the ionic back ground to 0.01 M as NaN0 3 as the previous experiments. 
3) Distribute the solution among the plastic bottles. 
4) Add the carbon dose for the solution. 
5) Adjust the pH to 5.5 to have the desired pH range for adsorption. 
6) Shake the bottles on the shaker at 175 RPM and for three days to ensure good 
agitation. 
7) Record the pH after releasing the bottles from the shaker. 
8) Filter the solution to separate the carbon from the solution using the vacuum filtration 
setup as before. 
9) Analyze the carbon just before and after filtration by using the FTIR spectrometer. 
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Chapter Four 
Results and Discussion 
 
4.1 Surface Titration: 
          Sorbent samples were titrated potentiometrically at room temperature in order to 
observe the acid-base nature of the carbon surface. The experiment was conducted for 
ionic backgrounds of 0.1M, 0.01M, and 0.001M, where Figure 4-1 shows the surface 
titration data of activated carbon for the different ionic strengths.  
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Figure 4-1: Surface Titration Data of Activated Carbon for Three Ionic Strengths. 
          Figure 4-1 shows that the acid-base titration curve of the aqueous solution with the 
suspended activated carbon is characteristic of a weak acid-base system for the different 
ionic strengths. The three curves intersect at ≈ pH 5.6 meaning that thermodynamically, 
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the system will try to drive toward this point. It also signifies that the surface charge on 
the sorbent surface is zero at pH 5.6, which is referred to as the pHzpc, or pH of zero point 
of charge
 
(Chris et al., 2000). 
The surface titration data were used to calculate the surface charge of the sorbent by 
using the following equation: 
)]()([ −+ +−−= OHHCC
AS
F
BAσ  
Where; 
         F: Constant = 96485.339 Coulomb/mole 
         S: Sorbent concentration = 10 g/l according to this study 
        A: Surface area of sorbent = 838 m2/g 
       H+: 10 (pH value) 
     OH-: 10 (14-pH value) 
     CA, CB: Acid or base added (moles/L) 
    σ:  The surface charge density  
          The results showed that the activated carbon used in the experiments has negative 
surface charge at pH greater than 5.5 for different ionic backgrounds. Figures 4-2 shows 
the surface charge of the sorbent for different pH and different ionic backgrounds. The 
negative charge of the activated carbon at the high pH has a significant impact on 
adsorbing heavy metals by electrostatic attraction where heavy metals have positive 
charge (M+2). Moreover, since the increase in the pH is resulting in increasing the 
negative charge density of the activated carbon, the adsorption tendency of heavy metals 
to the surface of the activated carbon will increase as well.  
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Figure 4-2: The Sorbent Surface Charge at different pH values for different Ionic 
Backgrounds 
 
4.2 Batch Equilibrium Experiments 
4.2.1 Cadmium- Single Solute 
         An experiment without activated carbon was carried out to investigate the 
precipitation pH range of the 5.4 mg/l cadmium solution so that the impact of the 
presence of carbon alone can be investigated. Figure 4-3 shows the removal efficiency of 
Cd from aqueous solution due to precipitation as a function of equilibrium pH.   
          From Figure 4-3, it is evident that the sudden change in the removal percentage of 
the cadmium started at equilibrium pH>9.0 to reach a removal greater than 80%. After 
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this pH value, the Cd removal occurs by the precipitation mechanism. Smith (1998) 
obtained similar results as shown in the same chart where the cadmium metal (Cd2+) 
began to precipitate after pH 9.0. 
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Figure 4-3: Cadmium Removal by Precipitation 
         A carbon dose of 0.5 g/l of the 35-50 mesh fractions was used with a Cd solution of 
5.4 mg/l to determine the pH-adsorption edge for the produced carbon. Figure 4-4 shows 
that there was considerable Cd removal before pH 9. The removal reached its peak value 
at pH=7.5 with an uptake capacity 77%. This indicates that the adsorption process took 
place well before substantial precipitation began to occur with respect to the pH scale. 
According to the surface charge results that showed the negative charge of the sorbent at 
pH > 5.6, a surface reaction involving electrostatic attraction of Cd2+ is likely responsible 
for the sharp increase in the adsorption of cadmium onto the surface of the activated 
Co(Cd)= 5.4 mg/l 
Ionic Background= 0.01 M 
• Smith 1998 
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carbon between pH 6 and 7.5. On the other hand, there was a notable removal of Cd 
before the zero point of charge which is likely due to surface complexation. Also, the 
error bars in this chart represent the errors that could appear in the results due to the very 
small reading range of the atomic spectrometer requiring dilution of the samples.  
0
20
40
60
80
100
2 4 6 8 10 12
pH
%
R
em
o
v
al
 
o
f C
d
with carbon
pHzpc
No Carbon
 
Figure 4-4: Carbon adsorption edge for 5.4 mg/l Cd solution for carbon dose 0.5g/l 
          The experiment was repeated to investigate the impact of carbon dose on Cd 
uptake from aqueous solution. Figure 4-5 indicates that Cd removal increases for the 
higher dose (1.0 versus 0.5 g/l), especially for pH values greater than 5.0. In both cases, 
the maximum removal is at ~ pH 7.5. An error of ±5% was estimated in this experiment 
due to the smaller dilution factor for atomic spectroscopic analysis. 
          Apart from advanced spectroscopic evidence, it is hard to understand whether the 
Cd removal above pH 9.0 is dominated by adsorption, precipitation of Cd, or a more 
Co (Cd) = 5.4 mg/l 
Ionic Background= 0.01M 
pH
zp
c 
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complex surface interaction. It is likely a combination of several processes (Smith et al., 
1996). Comparing the cadmium results of the current study with others, Tajar (2008) 
noted that the adsorption of cadmium by sulpherized activated carbon at initial 
concentration of 100 mg/l increased for pH greater than 8.0.Teker and Mustafa (1999) 
observed that the removal of Cd was efficient at pH values ranging from 5 to 8. 
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Figure 4-5: Comparison of pH adsorption edges for different carbon doses 
 
4.2.2 Lead-Single Solute 
         An equilibrium experiment was conducted with lead solution with concentration of 
10 mg/l (no carbon) in order to come up with the precipitation pH range. Figure 4-6 
shows the removal of Pb from the aqueous solution due to precipitation. A sudden 
increase in the removal percentage was observed between equilibrium pH 6.0 (<10%) 
Co (Cd) = 5.4 mg/l 
Ionic Background= 0.01M 
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and pH 7 (82%) by precipitation. After this pH value, the Pb removal from the aqueous 
solution proceeds to > 95% by precipitation.  
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  Figure 4-6: Lead removal by precipitation 
         A carbon dose of 0.5 g/l carbon of the 35-50 mesh fraction was used with a Pb 
solution of 10 mg/l to determine the pH-adsorption edge for the produced carbon. From 
Figure 4-7, it is seen that there was notable removal before pH 5 until a considerable 
jump in removal occurred at pH ≈ 5.3, indicating a range of significant Pb adsorption 
before substantial precipitation contributes to Pb removal. 
        To investigate the impact of different carbon dosages on Pb uptake from the aqueous 
solution, another experiment was conducted with a higher carbon dose of 1.0 g/l. The 
experiment was repeated under the same conditions. Figure 4-8 shows the Pb removal 
versus the equilibrium pH for different carbon dosages (1.0 versus 0.5 g/l). The present 
C0(Pb)= 10 ppm 
Ionic background= 0.01M 
• Smith 1998 
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uptake of Pb from the aqueous solution increased only slightly by increasing the carbon 
dose. It also indicated that the most suitable pH for Pb removal by adsorption alone was 
in the range 5-6.5. Apart from advanced spectroscopic evidence, it is hard to understand 
whether the Pb removal above pH 6.5 is dominated by adsorption, precipitation of Pb-
hydroxide, or a more complex surface interaction. In the light of the above, pH 5.5 was 
chosen to be the starting pH for further investigation of lead adsorption in column 
experiments, so that the kinetics of the adsorption process alone could be examined.          
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Figure 4-7: Lead Removal for Carbon Dose 0.5g/l 
        Several studies have been conducted by others to investigate the uptake capacity of 
lead. For example, Kadirvelu (2001) noted that lead removal increases from pH 4.0 and 
remains constant up to pH 10.0 
C0 (Pb)=10 ppm 
Ionic background= 0.01 M 
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Figure 4-8: Comparison of pH adsorption edges for different carbon doses 
 
4.2.3 Copper – Single Solute 
          Figure 4-9 illustrates results of the equilibrium experiment to investigate the 
precipitation pH range of the 3.05 ppm copper solution. From Figure 4-9, a sudden 
change in the removal percentage started by equilibrium pH 6.5-7 which can be attributed 
to copper hydroxide precipitation. 
        A carbon dose of 0.5 g/l carbon of the 35-50 mesh fraction was used with a Cu 
solution of 3.05 mg/l to determine the pH-adsorption edge for the produced carbon. 
Figure 4-10, indicates that there was notable removal before pH 6.5, with a linear 
increase in percent removal beginning at pH 3 to reach 75% at pH 5.5 and more than 90% 
Co (Pb)=10 ppm 
Ionic background= 0.01 M 
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at pH ≈ 6.7, indicating a range of significant carbon adsorption before substantial 
precipitation begins to occur. 
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Figure 4-9: Copper Removal by Precipitation 
          A carbon dose of 1.0 g/l was used with the copper solution concentration of 3.05 
mg/l to test the uptake capacity of copper from the aqueous solution with different carbon 
dosages for the same reaction time, 3 days. As shown in Figure 4-11, the two curves are 
almost identical to each other, with a slight increase in copper removal at the pH range 
from 5 to 6.5 for the higher sorbent dose. Accordingly, the pH adsorption edge 
investigations showed that there is a good potential for the use of the produced carbon in 
Cu removal, and that the most suitable pH for Cu removal by adsorption alone was in the 
range 5.5-6.5. While adsorption continues to occur at pH>7, there is likely also some 
precipitation contributing to Cu removal at high pH values. 
C0 (Cu)= 3.05 ppm 
Ionic background= 0.01 M 
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Figure 4-10: Copper Removal for Carbon Dose 0.5g/l 
          Comparing the results of the copper adsorption with research by others, Teker and 
Mustafa (1999) found similar values for the appropriate pH values for copper adsorption; 
i.e., the optimum pH range for the adsorption of Cu ions was 5 to 8. 
          A comparison among the three single solutes used in this study for the same 
experimental conditions is given in Figure 4-12. Figure 4-12 shows that the uptake 
capacity followed the trend of Cu ≥ Pb > Cd, which is consistent with the 
electronegativity where the electronnegativity of these metals are 1.85, 1.854, and 1.52 
respectively (The periodic table). Since the activated carbon is negatively charged, the 
potential of the electrostatic adsorption among the three adsorbate increases directly 
proportional with their electronegativity.  
 
C0 (Cu) = 3.05 ppm 
Ionic background= 0.01 M 
 54
 
0
20
40
60
80
100
0 2 4 6 8 10 12
pH
%
R
em
o
v
al
 
o
f C
u
No carbon
0.5g/l carbon dose
1.0 g/l carbon dose
 
Figure 4-11: Comparison of pH Adsorption Edges for Copper for Different Carbon 
Doses 
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Figure 4-12: Comparison of pH Adsorption Edges for the Three Single Solutes for 
0.5g/l Carbon Dose 
C0 (Cu) = 3.05 ppm 
Ionic background= 0.01 M 
C0(Pb) = 10 ppm 
C0(Cu) = 3.05 ppm 
C0(Cd) = 5.4 ppm 
Ionic background= 0.01 M 
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4.2.4 Multi Component Equilibrium Experiments - Pb, Cu, and Cd 
          Two experiments have been conducted to study the uptake capacity of the 
produced carbon on a mixture of heavy metals; namely lead, copper, and cadmium; that 
were studied individually before. This enables investigation of the competition among the 
heavy metals in solution during the adsorption process. First, a carbon dose of 0.5 g/l 
carbon of the 35-50 mesh fraction was used with a mixture solution of lead, cadmium, 
and copper of concentration 10 mg/l, 5.4 mg/l, and 3.05 mg/l, respectively (~ 50 µm for 
each metal), to determine the pH-adsorption edge for the produced carbon.  The results 
are presented in Figure 4-13 below. 
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Figure 4-13: Comparison between the % Removal of Pb, Cu, and Cd and the final 
pH for Carbon Dose 0.5 g/l 
C0 (Cu) = 3.05 ppm 
C0 (Pb) = 10 ppm 
C0 (Cd) = 5.4 ppm 
Ionic background= 0.01 M 
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          The results of this experiment show that the percent removal uptake followed the 
trend of Pb> Cu> Cd which gives insight into competition effects among the three solutes 
during the adsorption process by the activated carbon. The lead has been removed with 
higher percentages than the other two metals, corresponding to the fact that the lead has 
the greatest hydrated radii; moreover, this might happen because the lead has the greatest 
electronegativity. 
          Figure 4-14, is a comparison between the copper removal as a single solute versus 
the copper uptake in the presence of the other two heavy metals for a carbon dose of 0.5 
g/l. This illustrates the competitive effect, namely the uptake decreases by the presence of 
other heavy metals. However, both curves show that the best removal efficiency for 
copper occurs at pH greater than 6.0 due to electrostatic attraction between the sorbent 
with its negative charge and the positively charged metal ions. 
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Figure 4-14: The Removal of Cu as a Single Solute versus Cu in a Mixture of Heavy 
Metals Solution. 
Carbon dose: 0.5 g/l 
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        A similar plot is presented for removal of lead in Figure 4-15. The uptake of lead 
has been affected only slightly by the presence of the other heavy metals since the 
removal decreased at pH < 6. However, both adsorption edges have the same trend and 
the removal efficiency significantly increases at high pH values.  
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Figure 4-15: The Removal of Pb as a Single Solute versus Pb in a Mixture of Heavy 
Metals Solution 
 
         As in the case of Cu, a comparison between the removal efficiency of Cd as a single 
solute and the Cd in a mixture solution illustrates competitive effect. The removal of Cd 
from a mixture of heavy metals decreased due to the presence of Pb and Cu. Figure 4-16 
shows the difference between the removal of Cd as a single solute and the Cd in a 
mixture, and indicates that the removal efficiency of Cd decreases considerably in the 
Carbon dose: 0.5 g/l 
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presence of the other target heavy metals due to competition for available adsorption sites 
on the surface area of the adsorbent. 
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Figure 4-16: The Removal of Cd as a Single Solute versus Cd in a Mixture Solution 
          Figure 4-17 shows the pH-adsorption edge for the second experiment when a 
carbon dose of 1.0 g/l was used for the same mixture solution of Pb, Cd, and Cu with the 
same concentrations as the previous experiments (10 mg/l Pb; 5.4mg/l Cd; 3.05mg/l Cu). 
This experiment has shown that the lead removal reaches almost 99% at pH>5.0. The 
removal for copper reaches almost 99% starting from pH=6.3, while the percentage 
removal is greater than 80% for pH>5.5. For cadmium, the removal efficiency barely 
reaches 80% for pH=9.0. 
       The results of the removal percentage of each element have slightly changed either in 
the percentage uptake or the pH-adsorption range where it may be considered due to a 
Carbon dose: 0.5 g/l 
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competition among the elements in the adsorption process. The pH adsorption edge 
investigations suggest that there is potential for the use of the produced carbon to remove 
certain heavy metals from both waste water and drinking water. It also indicates that the 
suitable pH for Pb and Cu removal by adsorption is 5.5-6.5, while for Cd removal it is 
almost 8.0. 
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Figure 4-17: Comparison between The % Removal of Pb, Cu, and Cd and The Final 
pH for Carbon Dose of 1.0 g/l 
 
        Based on batch equilibrium studies, the uptake capacity of the three heavy metals 
studies appears to be greatest for Pb, followed by Cu and then Cd. The presence of 
multiple heavy metals in solution promoted a competition among them during the 
adsorption process. The uptake capacity was greater for single solutes than in the 
multicomponent case, especially for Cu and Cd.  By checking the uptake of the three 
Co (Cu) = 3.05 ppm 
Co (Pb) = 10 ppm 
Co (Cd) = 5.4 ppm 
Ionic background= 0.01 M 
 60
heavy metals in the single component experiments on a molar basis, the greatest removal 
was for Cu followed closely by Pb and then Cd. In the multi-component experiment for 
the same carbon dose of 1.0 g/l, one can find that the uptake capacity was greater for Pb 
than Cu followed by Cd. To conclude, Cd was significantly affected by the presence of 
other heavy metals. Cu was affected to a lesser degree. Amazingly, the Pb removal 
improved as shown in Table 4-1. 
        Chris and Lisa studied the removal of cadmium, copper, and lead on goethite in year 
2000, and they had the same trend as above. Also, Srivastave et al. investigated the 
adsorption of cadmium, copper, lead together with zinc on kaolinite in year 2005, and 
they came up with the following trend in the multicomponent system: Pb > Cu > Zn > 
Cd.   
Table 4-1: Adsorption Capacity of the three heavy metals in moles/g for different 
pH values (carbon dose of 1.0 g/l) 
 
pH 5.0 5.5 6.0 
 
Single  
Solute 
Multi- 
component 
Single  
Solute 
Multi- 
component 
Single  
Solute 
Multi- 
component 
Cd (µM/g) 10.7 2.88 19.2 4.8 27 12.5 
Pb (µM/g) 35.23 41.02 38 45.85 39.7 47.78 
Cu (µM/g) 36 27.86 42.16 33.6 44.3 42.51 
 
4.3 Column Experiments 
4.3.1 Cadmium- Single Solute 
           This experiment was conducted at a flow rate of 6 ml/min in a 6 cm carbon bed 
depth and a cadmium solution of concentration 5.40 mg/l, and pH 5.5. Table 4-2 shows 
the effluent cadmium concentrations at different times and bed volumes. The bed volume 
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is a measure of the volume of water passed through the packed column of carbon. 
Because it is related to the variables flow rate and run time, it provides a better means of 
comparing one case to another than run time alone.It is calculated as follows: 
ColumnpackedofVolume
timemlflowrate
GACPackedofVolume
treatedVolume
VolumesBed (min)*min)/(==  
Table 4-2: Effluent Cadmium Data for Column Experiment 
Time 
(hr) 
Bed 
Volumes 
Ceff 
(ppm) Ceff/C0 
0 0 0.20 0.04 
0.25 39 0.37 0.07 
0.5 95 0.91 0.17 
1 197 1.65 0.31 
2 397 2.26 0.42 
4 796 3.05 0.57 
6 1281 3.56 0.66 
8 1803 3.18 0.59 
11 2497 4.16 0.77 
24 4826 4.12 0.76 
27 6303 3.14 0.58 
36 8346 3.10 0.57 
48 11104 3.00 0.55 
60 14170 3.06 0.57 
72 17371 3.26 0.60 
82 20318 0.00 0.00 
 
The breakthrough curve of cadmium versus time is presented in Figure 4-18, and 
illustrates that Ceff reaches almost 80% of the value of C0 after just 11 hours. After ~25 
hours, the effluent Cd concentration actually decreased to about 60% of the influent 
value, and rose slightly thereafter for the duration of the run. The reason for this 
unexpected drop is not clear; it may have been a result of channeling in the carbon bed, or 
even an analytical error in measurement of Cd effluent concentrations. Figure 4-19, the  
bed volume versus the pH, shows that after an initial increase of ~ 0.7 pH units in the 
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effluent at the beginning of the run, the pH soon returns to the influent value. 
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Figure 4-18: Influent Versus Effluent Cd Concentrations 
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Figure 4-19: pH versus Bed Volume 
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         Examining the breakthrough curve as a function of Ceff/Co versus carbon bed 
volumes (Figure 4-20), it is observed that the maximum breakthrough occurs at around 
2500 bed volumes. Calculation of surface concentration at the termination of the run 
followed the following method and Figure 4-21. 
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Figure4-20: Breakthrough Curve of Cd versus Bed Volumes 
 
mgCtFM f 384.2140.56011006.0)60( 0passing =×××=×××=  
BA
A
M
M
+
=
passing
ads
= 49/(49+61.5)=0.44 
passingads xMBA
AM
+
= = 9.48 mg 
Surface concentration at exhaustion =  
ColumninCarbonofMass
M ads
=9.48/0.75= 12.64 mg/g           
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and in molar basis=0.112 mM/g 
Where: Mpassing= Mass of cadmium passing through the column 
Mads= Mass of cadmium adsorbed by the carbon  
F= Volumetric Cd solution flow rate through the column (L/min)  
tf= Total time of the column run (hr) 
C0= Influent Concentration of Cd (mg/l) 
A= Area representing the adsorbed portion 
B=Area representing the un adsorbed portion 
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Figure 4-21: Breakthrough Curve with Designation of Areas for Calculation of 
Mass of Cadmium Adsorbed. 
 
In order to calculate A and B, a grid method was applied to be able to assess the area 
under the curve in cm2. 
Area 
A 
Area 
B 
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        In order to know the time needed for the water to be treated from the contaminant 
based on the volume or size of the bed volume, both the empty bed contact time and 
hydraulic loading rate were calculated. The EBCT is considered an important factor for 
designing the bed column. The EBCT has a significant impact on the performance of the 
packed activated carbon. Knowing a depth of packed carbon and a corresponding 
minimum EBCT for a given situation, these conditions must be exceeded if the adsorber 
is to produce water of acceptable quality. As EBCT increases, the bed life will increase 
until a maximum value is reached. Accordingly, the activated carbon usage rate will 
decrease to a minimum (Faust, 1998). 
        The EBCT is a measure of how much time a parcel of fluid spends in the column, on 
the basis that the column contains no solid packing. The EBCT is simply the column 
volume (e.g., mL) divided by the volumetric flow rate of the liquid (e.g., mL/min). 
Practically, engineers often like to work with liquid flow rates expressed in terms of the 
hydraulic loading (H) in L3/t.L2 or L/t. This is sometimes referred to as a “hydraulic 
loading rate”, since it based on the cross sectional area of the column (David, 1998). 
• Breakthrough Concentration (CB)= max. acceptable effluent concentration 
• Critical depth (L critical)= depth that leads to the immediate appearance of an 
effluent concentration equal to CB when the column is started up. 
• Empty bed contact time (EBCT)  
• EBCTmin= AQ
Lcritical
/
    ;   EBCT=
AQ
L
Q
V bed
/
= = 2.3079 (cm3)/6 (ml/min)= 0.39 min. 
Where the Volume= the column area x the packed GAC length in the column= 
пr2 x  L= п (0.35)2(6)= 2.307 cm2 
• Hydraulic Loading Rate (HLR)= Design Flow /Area 
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HLR= 6/0.39=15.4 cm/min 
All the results of the column experiment for cadmium have been summarized in Table 4-
3. 
Table 4-3: Analysis of The Column Experiment for Cadmium 
Parameter Unit Value 
Breakthrough Bed Volumes  2497 
Surface Concentration At Exhaustion mg Cd/g carbon 12.64 
Average Solution Concentration Before Breakthrough mg/l 1.89 
Hydraulic Loading Rate (HLR) cm/min 15.6 
Empty Bed Contact Time (EBCT) Min 0.39 
 
          Comparing the column results with the batch equilibrium case, one can find that 
the Cd uptake in the equilibrium experiment at pH 5.5 (pH of the column run) was 19.2 
µM/g compared to the column capacity of 12.6 mg/g (112 µM/g). Normally, a higher 
adsorption capacity is expected in a column versus batch adsorber for the same initial 
concentration of adsorbate. This is due to the higher driving force throughout the run in a 
column with respect to the liquid phase concentration of the solute. But again, the 
unexpected decrease on the removal of cadmium after 24 hours might be due to either a 
channeling in the carbon bed or an analytical error in the measurement of Cd 
concentrations.  
4.3.2 Lead- Single Solute 
         This experiment was conducted at a flow rate of 6 ml/min in a 6 cm long stainless 
steel column, and a lead solution of concentration 10 mg/l and pH 5.5, the most 
appropriate pH-adsorption value for lead according to the equilibrium experiments. 
Figures 4-22 and 4-23 illustrated that, like the Cd run, Pb breakthrough is almost 
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immediate, and that the column approaches exhaustion (i.e., Ceff/C0= 95%) after ~9 
hours.  
0
0.2
0.4
0.6
0.8
1
0 500 1000 1500 2000 2500 3000 3500
Bed Volumes
Ce
ff/
Co
Ceff/Co
Co
 
Figure4-22: Breakthrough Curve of Pb versus Bed Volumes 
Calculation of surface concentration was done as before using Figure 4-23. Table 4-4 
summarizes the design-related calculations. 
Mpassing = (F x tf  x 60 x C0) = 0.006x12x60x10.0 = 43.2 
BA
A
M
M
+
=
passing
ads
= 19/ (19+79) =0.19 
passingads xMBA
AM
+
= = 8.375 
Surface concentration at exhaustion = 
ColumninCarbonofMass
M ads
=8.375/0.75=11.167 mg/g 
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Figure 4-23: Breakthrough Curve with Designation of Areas for Calculation of 
Mass of Lead Adsorbed. 
 
and in molar basis = 54 µM/g 
EBCT=
AQ
L
Q
V bed
/
= = 2.3079 (cm3)/6 (ml/min)= 0.39 min. 
• Hydraulic Loading Rate (HLR)= Design Flow /Area 
HLR= 6/0.385=15.6 cm/min 
All the results of the column experiment for lead has been summarized in Table 4-4. 
         Comparing the column results with the batch equilibrium experiment, the Pb uptake 
capacity in the equilibrium experiment at pH 5.5 (pH of the column run) was 38 µM/g 
compared to the column capacity of 11.167 mg/g (54 µM/g). These results confirm that 
the more efficient use of sorbent (activated carbon) is in column reactors. 
 
Area 
A 
Area 
B 
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Table 4-4: Analysis of The Column Experiment for lead 
Parameter Unit Value 
Breakthrough Bed Volumes  2267 
Surface Concentration At Exhaustion mg Pb/g carbon 11.167 
Average Solution Concentration Before Breakthrough mg/l 2.67 
Hydraulic Loading Rate (HLR) cm/min 15.6 
Empty Bed Contact Time (EBCT) min 0.39 
          
4.3.3 Copper-Single Solute 
          This experiment was conducted at the same condition as the other 2 column runs 
and a copper solution of concentration 3.05 mg/l. As seen in Figure 4-24, Cu 
breakthrough is immediate and corresponding to ~ 8000 bed volumes. Figure 4-25 shows 
the pH versus bed volumes during the experiment run. The pH profile is virtually 
identical to that of the Cd run.  
         Calculation of surface concentration at exhaustion followed the following method 
and Figure 4-26. 
Mpassing = (F x tf  x 60 x C0) = 0.006x11x60x3.05 = 12.07 
BA
A
M
M
+
=
passing
ads
= 20/(20+60) = 0.18 
passingads xMBA
AM
+
= =3.018 
Surface concentration at exhaustion = 
ColumninCarbonofMass
M ads
=  
3.018/0.75 = 4.02mg/g 
and in molar basis = 63 µM/g 
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EBCT=
AQ
L
Q
V bed
/
= = 2.3079 (cm3)/6 (ml/min)= 0.39 min. 
• Hydraulic Loading Rate (HLR)= Design Flow /Area 
HLR= 6/0.385=15.6 cm/min 
The results of the column experiment for copper are summarized in Table 4-5. 
Figure 4-24: Breakthrough Curve of Cu versus BedVolumes 
 
        Comparing the column results with the batch equilibrium one for Cu, the uptake 
capacity in the equilibrium experiment at pH 5.5 (pH of the column run) was 42.16 µM/g 
compared to the column capacity of 4.02 mg/g (63 µM/g). Therefore, the column reactor 
is more effective to remove heavy metals from aqueous solution than batch reactor. 
Moreover, this implies that predictive modeling of heavy metal adsorption in columns 
will require measurement of equilibrium parameters using columns instead of batch 
reactors, even though the former requires considerably more time and resources.  
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Table 4-5: Analysis of The Column Experiment for Copper 
Parameter Unit Value 
Breakthrough Bed Volumes no. 796 
Surface Concentration At Exhaustion mg Cu/g carbon 4.02 
Average Solution Concentration Before Breakthrough mg/l 0.46 
Hydraulic Loading Rate (HLR) cm/min 15.6 
Empty Bed Contact Time (EBCT) min 0.39 
 
 
3
3.5
4
4.5
5
5.5
6
6.5
0 5000 10000 15000 20000 25000
Bed Volumes
pH
 
Figure 4-25: pH versus bed volumes 
 
4.3.4 Multi Component Column Experiment – Cd, Pb, and Cu 
          A multicomponent column experiment was conducted in order to examine whether 
competitive adsorption effects can be observed in this type of reactor system. The same 
flow rate and column diameter were used here as in the single solute studies, so the 
hydraulic loading rate is the same. The initial concentrations of the three target metals 
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were also the same (i.e., ~50 µM) as was the influent pH (5.5). The only difference is that 
a 14-cm activated carbon bed depth was used instead of 6 cm. This was done in order to 
be able to better observe removal of the adsorbates in the beginning of the run. The 
comparison with single solute cases will still be valid if we use bed volumes instead of 
real time as the throughput parameter.  
 
Figure 4-26: Breakthrough Curve with Designation of Areas for Calculation of 
Mass of Copper Adsorbed. 
 
 
4.3.4.1 Column Experiment Analysis for Cadmium Associated with Lead and 
Copper 
          The breakthrough curve of cadmium versus time in the multicomponent mixture is 
presented in Figure 4-27. Figure 4-27 illustrates that Ceff reaches the same value as C0 at 
almost six hours, corresponding to ~ 500 bed volumes. This value corresponds to 
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complete exhaustion of the GAC. Included in Figure 4-28 is the corresponding Cd 
breakthrough curve from the single solute case. From this it is evident that the cadmium 
adsorption capacity has been reduced by the presence of other heavy metals, namely 
copper and lead. 
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Figure 4-27: Influent versus Effluent Cd Concentrations in a Mixed Solution of Cu, 
Pb, and Cd 
 
Calculation of Cd surface concentration at exhaustion with respect to the multicomponent 
system was done by using Figure 4-29 
Mpassing = (F x tf  x 60 x C0) = 0.006x6x60x10.0 = 21.6 
BA
A
M
M
+
=
passing
ads
= 11/(11+20)=0.35 
passingads xMBA
AM
+
= = 7.64 
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Figure 4-28: Breakthrough Curve of Cd versus Bed Volumes in a Mixture Solution 
of Cu, Pb, and Cd. 
 
Figure 4-29: Breakthrough Curve with Designation of Areas for Calculation of 
Mass of Cadmium Adsorbed from a Mixture Solution of Cu, Pb, and Cd. 
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Surface concentration at exhaustion = 
ColumninCarbonofMass
M ads
= 7.64/1.7=4.5 mg/g 
and in molar basis = 40 µM/g  
EBCT =
AQ
L
Q
V bed
/
= = 5.385 (cm3)/6 (ml/min) = 0.898 min. 
• Hydraulic Loading Rate (HLR)= Design Flow /Area 
HLR= 6/0.385=15.6 cm/min 
The results of the column experiment for lead associated with other heavy metals have 
been summarized in table 4-6. 
Table 4-6: Analysis of The Column Experiment for Cadmium in a Mixture Solution 
of Pb, Cu, and Cd. 
 
Parameter Unit Value 
Breakthrough Bed Volumes  455 
Surface Concentration At Exhaustion mg Pb/g carbon 4.5 
Average Solution Concentration Before Breakthrough mg/l 1.9 
Hydraulic Loading Rate (HLR) cm/min 15.6 
Empty Bed Contact Time (EBCT) min 0.898 
 
       The surface concentration of the cadmium as a single solute at exhaustion was 12.64 
mg/g which is much higher than the cadmium mixed with other heavy metals (4.5 mg/g). 
 
4.3.4.2 Column Experiment Analysis for Lead Associated with Cadmium and 
Copper 
        The breakthrough curve of lead versus time in the multicomponent mixture is 
presented in Figure 4-30. Figure 4-31 illustrates that Ceff reaches the same value as C0 at 
about ten hours. This value corresponds to complete exhaustion of the GAC. Thus, it is 
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apparent that the lead removal efficiency has been affected by the presence of other 
heavy metals, but not to the same extent as cadmium. 
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Figure 4-30: Influent Versus Effluent Pb Concentrations in a Mixed Solution of Cu, 
Pb, and Cd 
 
Calculation of Pb surface concentration at exhaustion with respect to the mixturewas was 
done by using Figure 4-32. 
Mpassing = (F x tf  x 60 x C0) = 0.006x6x60x10.0 = 21.6 
BA
A
M
M
+
=
passing
ads
= 12/(12+28)=0.3 
passingads xMBA
AM
+
= = 6.48 
Surface concentration at exhaustion = 
ColumninCarbonofMass
M ads
=6.48/1.7=3.8 mg/g 
and in molar basis = 18.34  µM/g  
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Figure 4-31: Breakthrough Curve of Pb versus Bed Volumes in a Mixture Solution 
of Cu, Pb, and Cd. 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
0 2 4 6 8 10 12 14
Time (hr)
Ce
ff/
Co
 
Figure 4-32: Breakthrough Curve with Designation of Areas for Calculation of 
Mass of Lead Adsorbed from a Mixture Solution of Cu, Pb, and Cd. 
Area 
A Area 
B 
 78
EBCT=
AQ
L
Q
V bed
/
= = 5.385 (cm3)/6 (ml/min)= 0.898 min. 
• Hydraulic Loading Rate (HLR)= Design Flow /Area 
HLR= 6/0.385=15.6 Cm/Min 
The results of the column experiment for lead associated with other heavy metals have 
been summarized in table 4-7. 
Table 4-7: Analysis of The Column Experiment for lead in a Mixture Solution of Pb, 
Cu, and Cd. 
 
Parameter Unit Value 
Breakthrough Bed Volumes  455 
Surface Concentration At Exhaustion mg Pb/g carbon 3.8 
Average Solution Concentration Before Breakthrough mg/l 3.8 
Hydraulic Loading Rate (HLR) cm/min 15.6 
Empty Bed Contact Time (EBCT) min 0.898 
 
The same observation as cadmium, the lead single solute has higher surface concentration 
at exhaustion than the mixed one. The value of the surface concentration was 11.16 mg 
Pb/g carbon for the single solute, versus 3.8 mg/g in the multicomponent case.  
 
4.3.4.3 Column Experiment Analysis for Copper Associated with Cadmium and 
Lead 
        The breakthrough curve of copper versus time in the multicomponent mixture is 
presented in Figure 4-33. Figure 4-33 illustrates that Ceff reaches the same value as C0 at 
almost six hours, corresponding to nearly 500 bed volumes (see Figure 4-34). This value 
corresponds to complete exhaustion of the GAC. It is also seen in Figure 4-33 that at 
some points in time the effluent contains more copper than in the influent water. This 
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suggests that Cu molecules have the potential to release from the activated carbon pores 
from competitive displacement by more strongly adsorbed molecules (e.g., Pb). 
Moreover, the single solute breakthrough case in Figure 4-34 illustrates that the 
adsorption capacity of Cu has not been affected due to the presence of other heavy 
metals, namely lead and cadmium.  
Calculation of Cu surface concentration at exhaustion for the multicomponent mixture 
followed the following method and Figure 4-35. 
Mpassing = (F x tf  x 60 x C0) = 0.006x6x60x3.05 = 6.588 mg 
BA
A
M
M
+
=
passing
ads
= 15/(15+15)=0.5 
passingads xMBA
AM
+
= =3.294 mg 
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Figure 4-33: Influent Versus Effluent Cu Concentrations in a Mixed Solution of Cu, 
Pb, and Cd 
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Figure 4-34: Breakthrough Curve of Cu versus Bed Volumes in a Mixture Solution 
of Cu, Pb, and Cd. 
 
Figure 4-35: Breakthrough Curve with Designation of Areas for Calculation of 
Mass of Copper Adsorbed from a Mixture Solution of Cu, Pb, and Cd. 
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Surface concentration at exhaustion =  
ColumninCarbonofMass
M ads
=3.294/1.7=1.937 mg/g  
and in molar basis = 30.5 µM/g 
EBCT=
AQ
L
Q
V bed
/
= = 5.385 (cm3)/6 (ml/min) = 0.898 min. 
• Hydraulic Loading Rate (HLR)= Design Flow /Area 
HLR= 6/0.385=15.6 Cm/Min 
The calculations are summarized in Table 4-8. 
Table 4-8: Analysis of The Column Experiment for Copper in a Mixture Solution of 
Pb, Cu, and Cd. 
Parameter Unit Value 
Breakthrough Bed Volumes  455 
Surface Concentration At Exhaustion mgCu/g carbon 1.937 
Average Solution Concentration Before Breakthrough mg/l 1.59 
Hydraulic Loading Rate (HLR) cm/min 15.6 
Empty Bed Contact Time (EBCT) min 0.898 
       
         The surface concentration at exhaustion as the previous two metals was higher for 
the copper single solute. The surface concentration was almost 3 mg Cu/g carbon which 
is higher than the Cu mixed with other heavy metals (1.937 mgCu/g carbon).There is a 
competition propagated among the heavy metals during the adsorption.  
         Comparing the competitive effect among the three heavy metals, it shows the same 
behavior as the equilibrium experiment with the respect to the order of the adsorption 
capacity. In both the column and batch experiments for the multicomponent elements, the 
uptake capacity appears to be greatest for Pb, followed by Cu and then Cd. However, the 
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competitive affect appears to be least for Cu and greatest for Cd. The breakthrough curve 
of the three single solutes in the multicomponent mixture versus the bed volumes is 
presented in Figure 4-36. It is apparent that the cadmium reached exhaustion first 
followed by copper then lead. If it is compared in a molar basis, it will show us that the 
break through happened first for Cd followed by Cu then Pb. In other words, the 
adsorption capacity for the three single solutes in a mixture synthetic solution followed 
the trend Pb > Cu > Cd. 
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Figure 4-36: Breakthrough Curve of Cd, Pb, and Cu in a Mixture Solution versus 
Bed Volumes 
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4.4 Fourier Transform Infrared Spectroscopy (FTIR): 
        This experiment was conducted to identify types of chemical bonds in a molecule by 
obtaining an infrared absorption spectrum that is like a molecular fingerprint. The 
chemical bonds in a molecule can be determined by interpreting the infrared absorption 
spectrum. The organic compounds have very rich detailed spectra, while those of the 
inorganic compounds are much simpler. The experiment was conducted for the produced 
carbon before and after adsorption to investigate if there is any chemical reaction takes 
place during the adsorption process. The outcome data was compared with the absorption 
peaks of known types of atomic bonds that are listed in IR spectroscopy correlation tables 
shown in the appendix. 
The results of the experiment are shown in the following spectroscopic chart for both 
before and after adsorption (Figure 4-37). The results indicate that there does not appear 
to be any obvious chemical reaction taking place during the adsorption process. 
Consequently, the adsorption of heavy metals in this case was likely electro statically 
and/or physically motivated.  
4.5 Scanning Electron Microscope (SEM) Photos 
          SEM were taken for the granular activated carbon (GAC) before and after passing 
a synthetic solution containing the three heavy metals, lead, cadmium and copper, used in 
this study at several magnifications. Figure 4-38 and 4-39 show the GAC pores before 
adsorption. Figure 4-40 shows the pores of the activated carbon after adsorption at the 
5.00 kx magnification, and it shows that there is likely co-precipitation of the metals that 
have formed and attached at the outer surface pores. 
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Figure 4-37: FTIR before and after adsorption 
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Figure 4-38: GAC grains at 5.00 kx magnification before adsorption 
 
 
Figure 4-39: GAC grains at 5.00 kx magnification before adsorption from another 
angle 
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Figure 4-40: GAC grains at 5.00 kx magnification after adsorption  
Figure 4-41 shows the GAC pores before adsorption at 10.0 KX magnifications. 
 
Figure 4-41: GAC pores before adsorption at 10.0 KX magnification 
By comparing the two photos, 4-41 and 4-42, one can see a precipitation has taken a 
place into the activated carbon pores.  
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Figure 4-42: GAC pores after adsorption at 10.0 KX magnification 
 
       Further investigations should be done using a more advanced microscope to see the 
heavy metals molecules into the activated carbon surface. Scanning tunneling microscope 
could be used to obtain atomic-scale images. It provides a three dimensional profile of a 
surface which is useful for investigating other activated carbon characteristics such as 
molecule size, pores radius, or roughness. It may also aid in understanding the 
mechanism of the adsorption process to come up with the best usage of carbon from the 
point of adsorbing heavy metals and other contaminants and regenerating of the carbon 
surface. 
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Chapter Five 
Conclusions and Recommendations 
5.1 Conclusions: 
         The adsorption characteristics of a recently-produced activated carbon  from  cotton 
stalks were determined  from adsorption studies using heavy metals, namely lead, 
cadmium, and copper, as adsorbates and the two common methods of application, 
completely mixed batch reactors, and continuous flow columns. The important findings 
are summarized as follows: 
• The produced activated carbon shows potential to adsorb heavy metals from 
aqueous solutions either as a single solute or mixed with other ones especially at 
pH higher than 5.5. The activated carbon has high negative charge above pH 5.5 
for different ionic backgrounds. Also, the surface titration experiment shows that 
the zero point of charge for the produced activated carbon is at pH 5.5. 
• The equilibrium experiments show that heavy metals are being efficiently 
adsorbed by the locally produced activated carbon at pH values greater than the 
pHzpc= 5.5. 
• The mixed heavy metals compete with each other during the adsorption process.  
The heavy metal capacity followed the trend of Pb ≥ Cu > Cd in the pH range of 
study. In the batch equilibrium experiments, the Pb was the least solute affected 
by competition, while the copper was the least affected in the column ones. 
• The adsorption-pH edge indicated that there was a notable removal of Cd before 
pH 9; the removal reached its peak value at pH 7.5 with an uptake capacity 77%, 
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while the Cd precipitation action took place at pH >9 to reach removal efficiency 
greater than 80%. 
• The adsorption-pH edge indicated that there was a notable removal of Pb before 
pH 5; the removal reached its peak value at pH 5.64 with an uptake capacity 
99%.. 
• The adsorption-pH edge indicated that there was a notable removal of Cu before 
pH 5; the removal reached its peak value at pH 6.7 with an uptake capacity 90%. 
• The produced activated carbon was capable of removing heavy metals from a 
mixture.  
• The column reactors have higher adsorption capacity than the batch ones for the 
same initial concentration of adsorbate. This is due to the fact that the driving 
force throughout the column run is higher with respect to the liquid phase 
concentration of the solute. 
• The produced activated carbon removed heavy metals from aqueous solutions at 
pH values greater than 5.5 by the electrostatic interaction between the activated 
carbon with its high negative charge and the heavy metal elements with their 
positive charge (+2). However, in some cases a notable removal has occurred at 
lower pH values which may be due to surface complexation. 
• The FTIR analysis indicated no significant chemical interactions between the 
activated carbon and the target heavy metals. Thus, the adsorption process can be 
assumed to be dominated by electrostatic and/or other surface motivated 
mechanisms. 
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5.2 Recommendations: 
• The produced carbon from cotton stalks was tested for a mixture of heavy metals, 
namely cadmium, lead, and copper, in distilled water. Consequently, it is strongly 
recommended to test the produced carbon in the presence of other background 
constituents more typical of actual water and wastewaters. 
• All the experiments here were conducted at the laboratory scale. Thus 
mathematical modeling of the equilibrium and kinetics should proceed in order to 
scale up the application to pilot- and eventually full-scale. 
• Investigate whether modifications in the production procedure can enhance the 
adsorption capacity of the produced activated carbon for target heavy metals. 
Examples in this regard include increasing the reaction time of the activation 
agent and increasing the activation temperature.  
• The durability of the produced activated carbon and the ability to regenerate it for 
further use while recovering adsorbed metals should be more thoroughly 
investigated to improve the economic potential of the product and process. 
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Appendix 
 
IR spectroscopy correlation table 
Bond Type of bond Specific type of bond 
Absorption 
peak Appearance 
C─H 
alkyl 
methyl 
1260 cm−1 strong 
1380 cm−1 weak 
2870 cm−1 medium to strong 
2960 cm−1 medium to strong 
methylene 
1470 cm−1 strong 
2850 cm−1 medium to strong 
2925 cm−1 medium to strong 
methine 2890 cm−1 weak 
vinyl C═CH2 
900 cm−1 strong 
2975 cm−1 medium 
3080 cm−1 medium 
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C═CH 3020 cm−1 medium 
monosubstituted 
alkenes 
900 cm−1 strong 
990 cm−1 strong 
cis-disubstituted 
alkenes 
670–700 
cm−1 strong 
trans-disubstituted 
alkenes 965 cm−1 strong 
trisubstituted 
alkenes 
800–840 
cm−1 strong to medium 
aromatic 
benzene/sub. 
benzene 3070 cm−1 weak 
monosubstituted 
benzene 
700–750 
cm−1 strong 
690–710 
cm−1 strong 
ortho-disub. 
benzene 750 cm−1 strong 
meta-disub. 
benzene 
750–800 
cm−1 strong 
860–900 
cm−1 strong 
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para-disub. 
benzene 
800–860 
cm−1 strong 
alkynes any 3300 cm−1 medium 
aldehydes any 
2720 cm−1 
medium 
2820 cm−1 
C─C 
acyclic C─C 
monosub. alkenes 1645 cm−1 medium 
1,1-disub. alkenes 1655 cm−1 medium 
cis-1,2-disub. 
alkenes 1660 cm−1 medium 
trans-1,2-disub. 
alkenes 1675 cm−1 medium 
trisub., tetrasub. 
alkenes 1670 cm−1 weak 
conjugated C─C 
dienes 
1600 cm−1 strong 
1650 cm−1 strong 
with benzene ring 1625 cm−1 strong 
with C═O 1600 cm−1 strong 
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C═C (both sp2) any 1640–1680 
cm−1 medium 
aromatic C═C any 
1450 cm−1 
weak to strong (usually 
3 or 4) 
1500 cm−1 
1580 cm−1 
1600 cm−1 
C≡C 
terminal alkynes 2100–2140 
cm−1 weak 
disubst. alkynes 2190–2260 
cm−1 
very weak (often 
indisinguishable) 
C═O aldehyde/ketone 
saturated 
aliph./cyclic 6-
membered 
1720 cm−1  
α,β-unsaturated 1685 cm−1  
aromatic ketones 1685 cm−1  
cyclic 5-
membered 1750 cm−1  
cyclic 4-
membered 1775 cm−1  
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aldehydes 1725 cm−1 
influence of 
conjugation (as with 
ketones) 
carboxylic 
acids/derivates 
saturated 
carboxylic acids 1710 cm−1  
unsat./aromatic 
carb. acids 
1680–1690 
cm−1  
esters and lactones 1735 cm−1 
influenced by 
conjugation and ring 
size (as with ketones) 
anhydrides 
1760 cm−1  
1820 cm−1  
acyl halides 1800 cm−1  
amides 1650 cm−1 associated amides 
carboxylates 
(salts) 
1550–1610 
cm−1  
amino acid 
zwitterions 
1550–1610 
cm−1  
O─H alcohols, phenols 
low concentration 3610–3670 
cm−1  
high concentration 3200–3400 broad 
 102 
cm−1 
carboxylic acids 
low concentration 3500–3560 
cm−1  
high concentration 3000 cm−1 broad 
N─H 
primary amines any 
3400–3500 
cm−1 strong 
1560–1640 
cm−1 strong 
secondary 
amines any >3000 cm−1 weak to medium 
ammonium ions any 2400–3200 
cm−1 multiple broad peaks 
C─O 
alcohols 
primary 1040–1060 
cm−1 strong, broad 
secondary ~1100 cm−1 strong 
tertiary 1150–1200 
cm−1 medium 
phenols any 1200 cm−1  
ethers aliphatic 1120 cm−1  
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aromatic 1220–1260 
cm−1  
carboxylic acids any 1250–1300 
cm−1  
esters any 1100–1300 
cm−1 
two bands (distinct 
from ketones, which do 
not possess a C─O 
bond) 
C─N 
aliphatic amines any 1020–1220 
cm−1 often overlapped 
C═N any 1615–1700 
cm−1 
similar conjugation 
effects to C═O 
C≡N (nitriles) 
unconjugated 2250 cm−1 medium 
conjugated 2230 cm−1 medium 
R─N─C 
(isocyanides) any 
2165–2110 
cm−1  
R─N═C═S any 2140–1990 
cm−1  
C─X fluoroalkanes 
ordinary 1000–1100 
cm−1  
trifluromethyl 1100–1200 
cm−1 
two strong, broad 
bands 
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chloroalkanes any 540–760 
cm−1 weak to medium 
bromoalkanes any 500–600 
cm−1 medium to strong 
iodoalkanes any 500 cm−1 medium to strong 
N─O nitro compounds 
aliphatic 
1540 cm−1 stronger 
1380 cm−1 weaker 
aromatic 1520, 1350 
cm−1 lower if conjugated 
Reference: (http://en.wikipedia.org/wiki/Infrared_spectroscopy_correlation_table) 
